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Abstract 
Species conservation is expected to become more challenging in a changing climate, and this 
may be most acute in the speciose tropics, where species are generally adapted to a narrow 
temperature range from which novel climates are projected to emerge this century. Island 
endemic species are expected to show particularly low adaptive capacity. Yet, climate change 
vulnerability assessments are constrained by a shortage of detailed and long-term datasets, 
uncertainty over the impacts of extreme events, and poor understanding of implications for 
tropical animal phenology. These knowledge gaps limit our capacity to design management 
strategies to alleviate the impacts of future climate risks. 
 
This thesis explores these issues for species in Mauritius, where successful recovery 
programmes have involved the collection of detailed individual-based datasets. Long-term 
climate trends, including for extremes, were quantified for areas of high conservation 
importance. Detailed analyses were carried out into climate impacts on the breeding 
phenology and demography of the Mauritius kestrel (Falco punctatus) and echo parakeet 
(Psittacula eques). 
 
Climate trend analyses reveal local-scale variation in long-term trends, with nearby 
populations of conservation concern under different pressures from changes in rainfall. 
Detailed analysis for the Mauritius kestrel shows that its breeding phenology is tracking 
shifts in a seasonal climate window. Individual birds show plasticity in response to 
temperature increases, despite the effects of a severe population bottleneck. In contrast, echo 
parakeets show maladaptive adjustments to climate variability, with delayed breeding in 
drier years increasing exposure to tropical cyclones. Cyclones appear to mediate 
reproductive senescence, but this risk is reduced through the re-scheduling of breeding by 
supplementary food provision. 
 
Based on these results, vulnerability assessments and management plans for restricted-range 
species, such as those endemic to tropical islands, should incorporate local-scale climate 
trends, meteorological indices for extremes, and analysis of phenology and temporal 
exposure to climate risks. 
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1.1 Biodiversity conservation in a changing climate 
Humans are having profound impacts on the Earth’s natural systems, including biodiversity 
loss through habitat destruction and degradation, pollution, the introduction of non-native 
species and human-induced climate change, such that it has been argued that the current 
geological epoch should be classed as the Anthropocene (Zalasiewicz et al., 2008; Zalasiewicz 
et al., 2011). The contemporary rate of global extinctions is estimated to be 100-1000 times 
higher than background rates without human-caused processes (Pimm et al., 1995), 
prompting discussion of whether we are entering or in the midst of a sixth mass extinction 
event (e.g. Barnosky et al., 2011). Global indices estimate that vertebrate populations have 
halved since 1970 (WWF, 2016), and overall are becoming more threatened with extinction 
(Hoffmann et al., 2010). The loss of species and ecosystems, and degradation of habitats, 
threatens important ecosystem services that human society relies upon and values, such as 
water and climate regulation, nutrient cycling and cultural enrichment (e.g. Costanza et al., 
1997; Díaz et al., 2006). 
 
Temperature trends in many regions of the world have already departed from the trend 
expected from natural influences (forcings) and variability alone (IPCC, 2014). The three 
warmest years on record have been 2015, 2016 and 2017, with 2017 being the warmest 
without an El Niño event, and all three years have exceeded a warming of 1°C above pre-
industrial (1880-1900) conditions (WMO, 2018). There is compelling evidence that most of 
the recent warming in the global climate is attributable to anthropogenic interference with 
the climate system, primarily through greenhouse gas emissions (e.g. IPCC, 2014). In 2016, 
the average monthly atmospheric carbon dioxide (CO2) concentration exceeded 400 ppm for 
the first time in at least 800,000 years (WMO, 2018). Two thirds of the total atmospheric 
carbon quota consistent with a 2°C rise in temperature has already been emitted 
(Friedlingstein et al., 2014), meaning that human society has already committed to continued 
warming.  
 
Current international targets aim for the global mean temperature to be kept below an 
increase of 2°C relative to pre-industrial levels, with efforts to limit this to an increase of 
1.5°C (UNFCCC, 2015). In order to achieve this, it is likely that a global peak in fossil fuel 
emissions will be needed in c.2020-2030, after which emissions must decline (IPCC, 2014; 
Rogelj et al., 2016). Emissions targets set by recent international agreements and subnational 
actors imply that progress is being made; however, this may not be sufficient to limit 
warming to below 2°C (Rogelj et al., 2016). 
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The projected rate of climate change, based on plausible emissions scenarios, exceeds natural 
changes that have occurred in the past 10,000 years (Hurrell and Trenberth, 2010). While the 
velocity of warming has been most rapid at higher latitudes, particularly in the Northern 
Hemisphere, tropical regions will be among the first areas to emerge from recent climate 
variability into relatively novel climate regimes, owing to more limited intra- and interannual 
variability (Mora et al., 2013; Hawkins et al., 2014a). Novel climates are projected to emerge 
this century, with tropical and subtropical regions being among the first (Williams et al., 
2007). Temperatures are projected to emerge from variability in many tropical countries by 
the 2030s (Mahlstein et al., 2011). In general, precipitation is projected to increase in the 
wetter areas of the world and decrease in drier areas (IPCC, 2014), although trends will not 
necessarily be monotonic (Hawkins et al., 2014b). 
 
Compelling evidence implies that climate change is already having impacts on a broad range 
of biological systems, including changes in the timing of life-history events (phenology) and 
shifts in the geographical and elevational ranges of species, as the distributions of suitable 
climate conditions change (Parmesan and Yohe, 2003; Rosenzweig et al., 2008). There is a 
growing body of research into the vulnerability of species to climate change and the 
prediction of climate change impacts on biodiversity. Climate change vulnerability is often 
based on a framework of exposure, sensitivity and adaptive capacity (Williams et al., 2008; 
Dawson et al., 2011; Moritz and Agudo, 2013). The methods that have been used to model 
species vulnerability to climate change can be categorised as 1) spatially correlative, 2) 
mechanistic uses of detailed impact parameters, and 3) approaches that use species traits 
(Pacifici et al., 2015).  
 
Increasing numbers of species are projected to become vulnerable to climate change impacts 
(Foden et al., 2013), and climate change may result in increased extinction rates during the 
21st century (Pereira et al., 2010; Urban, 2015), although this will depend on modes of 
resilience and adaptation (Urban, 2015; Urban et al., 2016). Climate change-caused 
extinctions may occur through a variety of processes, perhaps most importantly through the 
disruption of species interactions, including changes in food availability (Cahill et al., 2012). 
For example, phenological shifts can result in trophic mismatch, in which the timing of a life-
history event, such as reproduction, in one species moves out of synchrony with a peak in 
abundance in an important prey species (reviewed by Miller-Rushing et al., 2010). The 
implications of climate change for the phenology of temperate animal populations have been 
well studied; however, much less is known about the implications for animal populations in 
the tropics (Rosenzweig et al., 2008; Charmantier and Gienapp, 2013; Cohen et al., 2018).  
Other mechanisms through which climate change could cause extinctions or negatively 
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impact demographic vital rates include direct effects on physiology (Cahill et al., 2012). The 
magnitude of global warming is expected to influence impacts on biodiversity, and it has been 
projected that mitigation to limit warming would reduce impacts on species (Warren et al., 
2013; Smith et al., 2018; Warren et al., 2018). It is important to recognise that climate change 
does not affect natural systems in isolation, but does so in concert and synergy with other 
processes, such as habitat fragmentation and alien species introductions (Parmesan et al., 
2000). 
 
Influential global reviews of climate change impacts on species often have geographical and 
taxonomic biases owing to limitations in data availability, with insufficient coverage of 
tropical and marine species, plants and ectothermic animals (Feeley et al., 2016). Changes in 
the tropics are of great concern, given that at least 78% of all species occur at tropical 
latitudes, including 91% of terrestrial birds species (Barlow et al., 2018). Tropical species 
may be some of the most vulnerable to climate change, owing to their adaptation to a 
relatively narrow range of conditions (Deutsch et al., 2008). Among those, tropical island 
species are expected to be particularly vulnerable to global change (Fordham and Brook, 
2010).  Globally, islands are particularly rich in biodiversity, but they are acutely vulnerable 
to human impacts. The global total of over 180,000 islands (up to 786,000 km2 in land area) 
harbour more than 20% of all terrestrial plant and vertebrate species within less than 5% of 
total land extent (Kier et al., 2009; Bellard et al., 2014; Courchamp et al., 2014). Species 
endemism on islands exceeds that in mainland areas by factors of 8.1 and 9.5 for vertebrates 
and plants respectively (Kier et al., 2009). However, the longer-term isolation of insular 
biotas is linked with an increased vulnerability to invasive species (Berglund et al. 2009). 
Limited population size, habitat area and genetic diversity in island species can increase 
susceptibility to new pressures (Strauss et al., 2006). Furthermore, island species have 
limited scope for range shifts in response to climate change (Foden et al., 2013). Long-term 
demographic studies into the impacts of climate change on tropical species and ecosystems 
are greatly needed as the projection of impacts is constrained by a paucity of such data 
(Brawn et al., 2017). The need is arguably very acute for island biota, owing to their high 
vulnerability and the impacts of other threats. 
 
The protection of species and continued recovery of threatened species is expected to 
become more challenging as pressures from climate change intensify (Dawson et al., 2011). 
Conservation actions will require new strategies, as protected areas may provide only limited 
refuge from the impacts of climate change (Monzón et al., 2011). Adaptive management 
strategies could represent the necessary response for reducing the vulnerability of species 
(Stein et al., 2013); however, detailed studies are needed to provide baseline data and to 
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quantify climate impacts.  Four common challenges, which are usually neglected, have been 
identified in the planning of conservation actions for species under climate change, including 
the need to consider sensitivity and adaptive capacity in addition to exposure, the importance 
of changes in extreme events and not only gradual changes, taking into account current 
impacts as well as future impacts, and considering the interactions of climate change impacts 
with other threats (Butt et al. 2016). Climate change, in conjunction with other threats, is 
putting the Earth’s natural heritage and important ecosystem services at risk. A better 
understanding of the ecological impacts of climate change is needed if the majority of species 
and ecosystems are to be protected.  
 
1.2 Climate change and extreme events 
Strong evidence indicates that, as well as changes in global average conditions such as 
temperature and precipitation, projected climate change is likely to be accompanied by 
changes in the occurrence of extreme weather events, also termed extreme climate or 
climatic events and hereafter referred to as ‘extreme events’. Changes are projected in their 
frequency, intensity, extent, duration and timing (e.g. IPCC, 2014). Such changes are 
frequently cited in discussions of “dangerous anthropogenic interference with the climate 
system”, due to the potential implications for human society and natural systems (IPCC, 
2014). Extreme events are typically defined by their rarity and severity, and may include 
tropical and extra-tropical cyclonic storms, other severe convective storms and heavy rainfall 
events, droughts and temperature extremes (Stephenson, 2008). Evidence indicates that 
climate change is already driving changes in extreme events, with much recent evidence 
coming from the developing area of event attribution (NAS, 2016). Increases in average 
temperature increase the risk of very hot events, can lead to increases in evaporation that 
worsen droughts, and increase the moisture content of the atmosphere and thus the risk of 
very heavy precipitation (NAS, 2016).  
 
Increases in the frequency of extreme heat events have been linked to anthropogenic changes 
to the climate. For example, King et al. (2016) found a significant human contribution to the 
probability of record-breaking global temperature events as early as the 1930s, with all of the 
last 16 record-breaking hot years globally since then having an anthropogenic contribution to 
their probability of occurrence.  In the absence of changes to circulation patterns and relative 
humidity, thermodynamic factors suggest that extreme precipitation intensity should 
increase with increasing global mean surface temperature, scaling at about 7% per 1°C 
increase, as expressed by the Clausius-Clapeyron equation, which describes that capacity of 
the atmosphere to hold moisture. However, some studies report a scaling of extreme 
precipitation above this rate (reveiwed by Wasko et al., 2016). The intensity of daily 
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precipitation and proportion of rainfall occurring on extreme precipitation days are projected 
to increase across wide portions of global land area over the course of the 21st century, based 
on a climate change scenario with high greenhouse gas emissions (Representative 
Concentration Pathway [RCP] 8.5) (Giorgi et al., 2014). Increases in the probabilities of daily 
extreme heat and precipitation events are projected to be substantially greater under 2°C of 
warming compared with 1.5°C (Kharin et al., 2018). Human influences on the probability of 
particular events can be estimated. For example, anthropogenic climate change is likely to 
have increased the chances of the extreme rainfall observed in the southern USA that was 
associated with Hurricane Harvey in 2017 (Risser and Wehner, 2017). The occurrence of 
extreme precipitation is expected to be influenced by changes in the magnitude and 
frequency of large-scale dipole events, such as the El Niño-Southern Oscillation (ENSO) and 
Indian Ocean Dipole (IOD) (Cai et al., 2014; Cai et al., 2015; Cai et al., 2018), in which sea 
surface temperature anomalies shift in distribution in the tropical Pacific and Indian Oceans 
respectively, influencing regional convection and rainfall patterns. 
 
Climate models project increased aridity in the 21st century, with drying expected over most 
of Africa, southern Europe, the Middle East, most of the Americas, Australia and South-East 
Asia (Dai, 2011). Parts of these regions, so-far unaffected by serious droughts, may see a 
switch to persistent severe droughts in the coming decades (Dai, 2011). The consistency of 
observed global aridity changes between 1950 and 2010 and model simulations suggest that 
severe and widespread droughts will occur over many land areas during the next 30-90 
years, caused by either reduced precipitation or increased evaporation (Dai, 2013). 
Trenberth et al. (2013) point out that global warming may not function to ‘manufacture’ 
droughts, but could exacerbate them and expand their coverage in the subtropical dry zone. 
This would result from increased heat in the climate system causing droughts to be quicker in 
their onset, more intense, and being more protracted and spatially extensive (Trenberth et al. 
2013). 
 
It may be too early to reliably infer trends in tropical cyclone characteristics and links to 
climate change, as satellite data are only available since the early 1960s (Dvorak, 1984), and 
because of disagreement over how these data are interpreted (Walsh, 2004; Pielke et al., 
2005). However, studies continue to produce evidence of trends and links to climate change, 
including an increase in the peak intensity of the strongest tropical cyclones globally since the 
early 1980s (Elsner et al., 2008; Kossin et al., 2013). A study by Kishtawal et al. (2012) found 
evidence that, over the period 1986-2010, tropical cyclones in most basins exhibited 
increases in the speed of intensification. The use of global climate models for projecting 
future trends is repeatedly indicating that under scenarios of continued greenhouse gas 
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emissions tropical cyclones will become less frequent or show little change in frequency 
globally, but with an increase in the number of very intense storms and an increase in rainfall 
rates (Bengtsson, 2007; Knutson et al., 2010; Bell et al., 2013; Walsh et al., 2016; Bacmeister 
et al., 2018). At least one recent study (Emanuel, 2013) has projected increases in both the 
frequency and intensity of tropical cyclones globally over the next century under RCP 8.5. In 
line with predictions for a warming atmosphere, the movement (translation speed) of 
tropical cyclones appears to have slowed since the mid-20th century, with implications for 
rainfall totals at landfall (Kossin, 2018). 
 
1.3 The ecological impacts of extreme events 
Extreme events are usually omitted from studies that project future climate change impacts 
on biodiversity. This is largely owing to a lack of understanding about their impacts and what 
factors make species more or less vulnerable. Indeed, research on the effects of disasters on 
natural communities remains uncommon owing to the unpredictability of disasters and 
generally poor baseline data (Johnson and Winker, 2010). Yet, it has been argued that 
changes in the frequency and intensity of extreme events may pose a greater threat to 
ecosystem functioning than shifts in global average temperatures and precipitation regimes 
(Jentsch and Beierkuhnlein, 2008). It is notable that climate and weather played a role in 
around a quarter of documented mass mortality events in nonhuman animal taxa, 
particularly birds and mammals, between 1940 and 2010 (Fey et al., 2015). The potential 
implications of extreme events in negatively impacting the survival and reproductive success 
of individuals form a recipe for population extinction (Moreno and Møller, 2011). 
 
Climate and weather extremes are difficult to study because such events are rare and their 
‘extremeness’ is very context-dependent in terms of the historic climate record and what a 
given area or location has experienced in the past (Smith, 2011). This has resulted in a lack of 
consistency in how extremes are defined in ecological studies, ranging from the use of 
meteorological definitions of rarity and intensity, or biological definitions based on impacts, 
with proposed hybrid definitions that incorporate both meteorological and biological 
thresholds (Smith, 2011; Bailey and van de Pol, 2016; van de Pol et al., 2017). However, such 
hybrid definitions, with two or more thresholds, may actually limit the ability of research to 
identify all biologically important events. It is argued that more consistency in the 
terminology and definitions used for extreme events is needed in ecological research (van de 
Pol et al., 2017). 
 
Research into the impacts of extreme events on natural systems gathered pace with other 
avenues of ecological research in the late 20th century, but despite this our understanding 
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remains limited. Extreme events have been documented as impacting ecological 
communities, usually with detrimental consequences. Research has focussed particularly on 
the impacts of high wind speeds on forests and trees (reviewed by Lugo et al., 2000; Lugo, 
2008; Mitchell, 2013). Numerous studies have looked at the impacts of tropical cyclones on 
birds (e.g. Johnson and Winker, 2010) and corals (e.g. Lugo et al., 2000), with occasional 
studies on other taxa, such as amphibians (e.g. Luja and Rodriguez-Estrella, 2010), insects 
(e.g. Grimbacher and Stork, 2009) and arachnids (e.g. Schoener and Spiller, 2006). Research 
into drought impacts has spanned many taxa, including trees (reviewed by Allen et al., 2010), 
mammals (e.g. Foley et al., 2008) and birds (e.g. Butler et al., 2014; Selwood et al., 2015). 
Extreme events have also been linked with the spread of alien invasive species (Bellingham et 
al., 2005; Hellmann et al., 2008; Bhattarai and Cronin, 2014). It is possible that there is a 
publication bias towards reporting significant negative impacts. Some positive or ambiguous 
impacts of extreme events have also been noted, including the role of tropical cyclones in the 
maintenance of species diversity in tropical forests (Murphy et al., 2014) and positive 
correlations between regional cyclone activity and age-dependent survival in seabirds (Nicoll 
et al., 2017).  
 
Much research on the ecological impacts of extreme events has been opportunistic because of 
the unpredictable nature of such events, and most studies have only provided one or a few 
‘snapshots’ of a study system. Studies that use ‘before and after’ data are powerful in 
presenting individual case studies of extreme events; however, it is argued that there is a 
need for longer-term studies that look at the impacts of multiple events (Bailey and van de 
Pol, 2016).  There have been many calls for more research on the ecological impacts of 
extreme events, including for species vulnerability studies (Chapman et al. 2014) and spatial 
conservation prioritisation (Jones et al. 2016). It is difficult to generalise about the effects of 
extreme events on populations and ecosystems (van de Pol et al., 2017; Harris et al., 2018; 
Sergio et al., 2018), and it may be helpful to view the ecological effects of extreme events as 
‘responses’, rather than ‘impacts’ (Sergio et al., 2018). In a broader sense, extreme events are 
seen as contributing to a ‘press and pulse’ dynamic in climate change effects (Harris et al., 
2018). In addition, the timing of extreme events is known to influence their impacts on 
demography (van de Pol et al., 2017; Sergio et al., 2018). 
 
We still have a poor understanding of the selection pressures that result from extreme events 
and how the species and ecosystems that are cyclically exposed to high intensity natural 
disturbances respond to such pressures (Luja and Rodriguez-Estrella, 2010). It has been 
argued that extreme events tend to exert ‘truncation selection’, where mass mortality occurs 
in a population on one side of a phenotypic threshold (Moreno and Møller, 2011). It has also 
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been argued that extreme events cause selection at the species or phyla levels, rather than at 
the individual level (Combes, 2008). Species-level selection due to extreme events has been 
documented for a desert rodent community in the south-western USA, where flooding caused 
differential mortality among already competing species and reset the community 
composition (Thibault and Brown, 2008). However, the view advocated by Combes (2008) 
somewhat neglects the potential importance of individual variation in physical and 
behavioural resilience to extreme events. Evidence for an island lizard species suggests that 
hurricanes can exert rapid phenotypic selection on populations (Donihue et al., 2018). 
 
The contemporary impacts of extreme events on natural systems must be viewed in the 
context of the pressures exerted by human activities. The modern human-dominated 
landscape, with its inherent fragmentation, degradation and depletion of populations and 
habitats, has likely altered the potential for species and ecosystems to exhibit resilience and 
adaptation to future climate change (Parmesan et al., 2000). Extreme events may also act in 
synergy with human impacts, as has apparently been the case with the critically endangered 
Chinese crested tern (Thalasseus bernsteini) (Chen et al., 2015). This species is impacted by 
egg-harvesting and increasingly frequent typhoons, and apparently the interaction of these 
threats, where egg harvesting results in later re-nesting and increased exposure to typhoons 
(Chen et al., 2015). Furthermore, the impacts of extreme events on humans can cause 
increases in the pressures that they exert on ecosystems, as descriptively studied in the 
Louisiade Archipelago of Papua New Guinea after the occurrence of Cyclone Ita in 2014 
(Goulding et al., 2016). While conservation actions aim to tackle threats to species and 
ecosystems, extreme events may directly threaten the conservation actions themselves and 
the gains already made through the investment of substantial resources and effort.  For 
example, the eradication of introduced rats (Rattus spp.) through baiting on the island of 
Honuea in the Society Islands of French Polynesia failed when Tropical Cyclone Oli caused the 
entire island to be flooded in January 2010 (Courchamp et al., 2014). 
 
Discussions about the needs and methods for human adaptation to projected climate change 
have put increasing weight on ecosystem-based adaptation (e.g. Royal Society, 2014) and the 
concept of social-ecological systems (e.g. Folke et al., 2005), in which human communities 
and nature are recognised as tightly coupled, if usually also imbalanced. The ecological 
impacts of changes in extreme events are therefore increasingly relevant to wider human 
society, and there remains a need to reconcile the needs of biodiversity and human society 
when building resilience. Developing a resilience management framework for natural 
systems requires an understanding of a community’s resilience potential and processes, and 
its response to disturbance (Johnson and Winker, 2010). The resilience of populations to 
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extreme events may be studied through trends in abundance and breeding activity during 
and after events, as has been applied to drought-impacted birds in Australia (Selwood et al., 
2015). However, the resilience of an ecosystem to extreme events may also be defined by the 
historical range of variation (HRV) of some of its attributes and how long it takes to return to 
the HRV after an event (Seidl et al., 2016). 
 
1.4 Biodiversity and climate change in Mauritius 
Mauritius is an icon of both species extinction and species conservation. It is one of the few 
countries to have made gains in the conservation status of vertebrate biodiversity in recent 
decades (Rodrigues et al., 2014). The island has lost many species since colonisation by 
humans in the 17th century, and is a microcosm of threats affecting species worldwide. 
However, since the 1970s targeted conservation efforts have been successful in preventing 
extinctions. Future environmental change may threaten the gains made through these 
resource-intensive conservation programmes. Anecdotal observations for some species in 
Mauritius suggest that they are impacted by extreme events. Declines have been noted after 
cyclones in some bird populations in Mauritius (Jones, 1987). However, the long-term 
demographic impacts of such events on these species have not been investigated in detail 
before now. 
 
There are already clear signs of climate change in Mauritius, with temperature increases and 
decreases in precipitation recorded since the mid-20th century (Republic of Mauritius, 2010, 
2016). Trend analyses indicate an area of rapid warming in the central South Indian Ocean 
(e.g. WMO, 2018). Projections suggest that mean annual temperatures in Mauritius will 
increase by 1.0-2.0°C by the 2060s and by 1.1-3.4°C by the 2090s (McSweeney et al., 2010a, 
b).  Previous research indicates that rainfall has been increasing in the Bambous Mountains in 
eastern Mauritius (Senapathi et al., 2010), although island-wide analyses suggest that rainfall 
has been decreasing overall (Republic of Mauritius, 2010, 2016). Projections from different 
models of mean annual rainfall in Mauritius vary widely, ranging from negative to positive 
changes during the 21st century (McSweeney et al., 2010a, b). 
 
It appears that the Indian Ocean region is already experiencing changes in the frequency and 
intensity of extreme events and further changes are projected in the future, although the 
trends are mixed. While Elsner et al. (2008) find evidence that the peak intensity of the 
strongest tropical cyclones in the Indian Ocean has increased since the early 1980s, Kuleshov 
et al. (2010) do not find robust evidence for any trends in the overall number of cyclones and 
number of severe cyclones in the South Indian Ocean from 1981-1982 to 2006-2007. In the 
Southwest Indian Ocean there has been an increasing trend in the number of severe cyclone 
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days (with Saffir-Simpson category 3 storms and above) since the 1970s, with a steady 
decline in the total number of cyclones in this region since the 1960s (Malan et al., 2013). 
Historical analysis also indicates that the formation of tropical cyclones in the South Indian 
Ocean shifts westward in El Niño years (Ho et al., 2006), implying that Mauritius could be 
affected by cyclones more often if the frequency of El Niño events increases. However, in line 
with most global projections, high-resolution modelling by Gleixner et al. (2014) supports a 
prediction of fewer tropical cyclones occurring in the South Indian Ocean in the last three 
decades of the 21st century. In the vicinity of Mauritius, overall cyclone frequency is 
projected to decrease (Muthige et al., 2018); however, there is a projected increase in very 
strong cyclones in the vicinity of the Mascarene archipelago and Madagascar (Bacmeister et 
al., 2018). 
 
Climate change could also influence the frequency and intensity of droughts and heavy 
rainfall affecting Mauritius. Data from countries in the western Indian Ocean, collected during 
the period 1961-2008, indicate a significant decrease in total annual rainfall and an increase 
in the number of consecutive dry days in the region, although the latter trend is not 
statistically significant (Vincent et al., 2011). Climate modelling has shown that under a high 
greenhouse gas emissions scenario (RCP 8.5) the frequency of positive Indian Ocean Dipole 
(IOD) events (when sea surface temperatures are lower than average off the Sumatra-Java 
coasts and higher than average in the tropical western Indian Ocean) is projected to increase 
from one every 17.3 years in the 20th century, to one every 6.3 years over the 21st century, 
leading to increased frequency in extreme events in the Indian Ocean region, including 
droughts and flooding rains (Cai et al., 2014). Indeed, extreme positive IOD events are 
projected to double in frequency under 1.5°C of warming compared to pre-industrial levels 
(Cai et al., 2018), although the implications for Mauritius are uncertain. 
 
This study utilises detailed and long-term individual-based datasets on two globally 
threatened bird species, which provide ideal case studies of climate impacts on threatened 
species. These species, the Mauritius kestrel (Falco punctatus) and echo parakeet (Psittacula 
eques), a raptor and psittacine species respectively, capture different biological 
characteristics, ecological requirements and environmental conditions. They also receive 
different levels of management that could buffer the effects of environmental conditions. Both 
species have recovered from extreme population bottlenecks, owing to dedicated 
conservation work. The intensive conservation work that these species have received has 
also entailed the gathering of detailed monitoring data on individual breeding attempts. 
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1.5 Direct climate impacts on raptor and psittacine species 
It is well documented that climate has a strong influence on breeding success in many raptor 
species. However, many studies carried out to date rely on correlation analysis using annual 
summary metrics for breeding success and seasonal climate variables, and most evidence 
comes from populations in temperate regions of the Northern Hemisphere. The negative 
impacts of rainfall are well known and have been recorded in peregrine falcons (F. 
peregrinus) (Mearns and Newton, 1988; Olsen and Olsen, 1988; Bradley et al., 1997; Anctil et 
al., 2014; Lamarre et al., 2018), with substantial effects from rainfall events of 8 mm day-1 and 
greater (Anctil et al., 2014; Lamarre et al., 2018), as well as northern goshawks (Accipiter 
gentilis) (Lehikoinen et al., 2013) and common buzzards (Buteo buteo) (Lehikoinen et al., 
2009). Eurasian kestrels (F. tinnunculus) in Austria show higher breeding success after dry 
conditions early in the breeding season (Kreiderits et al., 2016). However, in drier 
environments, rainfall prior to and early in the breeding season has a positive effect, as 
shown for populations of Eurasian kestrels on Tenerife in the Canary Islands (Carrillo and 
González-Dávila, 2010b) and in Italy (Costantini et al., 2010). A positive effect from rainfall 
during the nestling stage has also been shown for golden eagles (Aquila chrysaetos) breeding 
in California, USA, during extreme drought conditions (Wiens et al., 2018). For lesser kestrels 
(F. naumanni) breeding in south-western Spain, breeding success is impacted positively by 
rainfall prior to the nestling period, and negatively by rainfall during the nestling period 
(Rodríguez and Bustamente, 2003).  
 
The mechanisms of negative impacts from rainfall in raptor species are thought to be through 
food limitation, perhaps due to decreased hunting efficiency, and direct exposure (e.g. Mearns 
and Newton, 1988). Peregrine falcons breeding in the Canadian Arctic showed reduced 
productivity and prey delivery rates during a season with increased rainfall (Robinson et al., 
2017). Fisher et al. (2015) show that burrowing owls (Athene cunicularia) in Canada 
experience reduced nest survival during extreme precipitation events (≥20 mm day-1), due to 
the flooding of burrows. A food supplementation experiment showed that extreme 
precipitation also reduced nestling survival through food limitation (Fisher et al., 2015). 
Observations of nesting ferruginous hawks (B. regalis) in Canada suggest that, although 
females alter their nest-attendance behaviour when summer rainstorms are approaching, 
prey delivery rates are similar before and after storms, implying that they do not compensate 
for lost foraging time (Laux et al., 2016). In some cases, there is no evidence of an effect from 
rainfall, as shown for the productivity of booted eagles (Hieraaetus pennatus) breeding in 
Spain (Bosch et al., 2015). 
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There are very few empirical studies on the effects of cyclonic storms on raptor species. 
Watts and Byrd (2007) show that a hurricane not only directly reduced nesting success in 
bald eagles (Haliaeetus leucocephalus) in coastal Virginia, USA, but appeared to have delayed 
impacts resulting in lower productivity in the following season in pairs that had been 
adversely impacted during the hurricane. In contrast, a study on breeding northern goshawks 
in France found little evidence of adverse impacts from a severe extra-tropical cyclone, 
suggesting an adaptive response to such disturbance (Penteriani et al., 2002). Surveys 
following the landfall of Hurricane Patricia in Mexico in 2015 revealed lower densities of 
diurnal raptors in tropical forest within the area affected by the eyewall (area of strongest 
winds) compared to forest outside this area (Martínez-Ruiz and Renton, 2018). 
 
Seasonal average temperature often has a positive effect on breeding success, as shown for 
Eurasian kestrels (Costantini et al., 2010; Kreiderits et al., 2016), Bonelli’s eagles (Hieraaetus 
fasciatus) breeding in the western Mediterranean region (Ontiveros and Pleguezuelos, 2003) 
and common buzzards in Finland (Lehikoinen et al., 2009). However, for lesser kestrels 
breeding in Portugal extreme hot days are associated with increased mortality and reduced 
growth rates in nestlings, especially in nest types that retain heat, perhaps due to acute 
dehydration (Catry et al., 2011). Consideration of a broader range of climate aspects can 
provide a fuller picture of impacts. For example, nest survival in Mississippi kites (Ictinia 
mississippiensis) in Texas, USA, is negatively impacted by higher temperatures, severe storms, 
drought conditions and La Niña events (Welch et al., 2017). 
 
Raptor phenology shows influences from both temperature and precipitation, with prey 
availability often directly implicated. Spring rainfall often has a delaying effect on the timing 
of breeding, as shown in Eurasian kestrels in Italy (Costantini et al., 2010) and Austria 
(Kreiderits et al., 2016). In contrast, Eurasian kestrels inhabiting semi-arid areas on Tenerife 
appear to show earlier breeding in springs that follow wetter autumns (Carrillo and 
González-Dávila, 2010b). A meta-analysis of studies on Eurasian kestrel populations in the 
Western Palaearctic showed that the average egg-laying date is earlier in warmer and drier 
regions (Carrillo and González-Dávila, 2010a). Earlier hatching in northern goshawk nests in 
Finland is associated with warmer temperatures in late winter and early spring (Lehikoinen 
et al., 2013).  
 
Some raptor species in temperate regions have shown advances their breeding phenology, 
apparently in response to climate warming. Such advances have been documented in 
Cooper’s hawks (Accipiter cooperii) breeding in Wisconsin, USA, over the period 1980-2015 
(Rosenfield et al., 2017), common buzzards in Finland between 1979 and 2004 (Lehikoinen 
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et al., 2009), and Eurasian sparrowhawks (Accipiter nisus) in Finland between 1979 and 2009 
(Lehikoinen et al., 2010). In contrast, a population of Eurasian sparrowhawks in The 
Netherlands showed no advancement in hatching dates between 1985 and 2004, despite 
advances in lower trophic levels (Both et al., 2009). American kestrels (F. sparverius) 
breeding in Idaho, USA, appear to be tracking advances in crop-planting after mild winters 
and thus advances in prey availability (Smith et al., 2016).  
 
Much less is known empirically regarding climate impacts on psittacine species and this may 
be linked to a paucity of long-term ornithological studies in the tropics. Rainfall is generally 
thought to be an important influence on food availability, and thus drought is thought to 
negatively impact the demography of many species. The abundance of some parrot species in 
urban Sydney, Australia, has been shown to be linked with rainfall, as well as local wild fire 
occurrence, with increased abundances associated with decreases in rainfall (Davis et al., 
2011). Similarly, the spatial and temporal extent of drought conditions appear to be linked to 
the movements of swift parrots (Lathamus discolor) in Australia (Saunders et al., 2016). 
Dynamic occupancy models show that Cape parrots (Poicephalus robustus) in South Africa are 
vulnerable to drought events (Kalle et al., 2018).  
 
Drought conditions, as linked to a La Niña event, appeared to reduce nestling survival and 
growth rates in burrowing parrots (Cyanoliseus patagonus) in Patagonia (Masello and 
Quillfedt, 2004). Likewise, ENSO phases, and associated patterns in rainfall, have been linked 
with interannual variation in productivity in lilac-crowned parrots (Amazona finschi) in 
Mexico (Renton and Salinas-Melgoza, 2004). Similarly, nest-site occupancy and productivity 
in breeding maroon-fronted parrots (Rhynchopsitta terrisi) in Mexico are lower after very dry 
years (Ortiz-Maciel et al., 2014). In Australia, glossy black-cockatoos (Calyptorhynchus 
lathami) appear to show higher productivity when rainfall is higher in the preceding year, 
probably owing to increased food availability (Cameron, 2009). Temperature and its 
variability appear to influence nestling growth and fledging success in crimson rosella 
(Platycercus elegans) breeding attempts in nest-boxes in Australia (Larson et al., 2015). 
 
There is mixed evidence for the effects of tropical cyclones on parrot species. In the 
Dominican Republic, captive-reared and released Hispaniolan parrots (Amazona ventralis) 
showed increased ranging and movements following a strong hurricane, with evidence that 
they favoured areas with sinkholes, where topography had protected trees from wind 
damage and defoliation (White et al., 2005). However, survival in Puerto Rican parrots 
(Amazona vittata) is negatively impacted by hurricanes (Beissinger et al., 2008). Cyclones 
may also disrupt the seasonality of fruiting and therefore food availability in the months 
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following the disturbance (Wunderle, 1999). Little effect from hurricanes was found in the 
nesting activity of maroon-fronted parrots in Mexico (Ortiz-Maciel et al., 2014). Many bird 
species are vulnerable to direct mortality from spatially and temporally discrete severe 
weather events, such as hailstorms and heat waves, as recorded for the short-billed 
(Carnaby’s) black-cockatoo (Calyptorhynchus [Zanda] latirostris) in Australia (Saunders et al., 
2011). 
 
Evidence indicates that the timing of breeding in parrot species in western Amazonia is 
influenced by food availability, resulting from fruiting patterns that are linked to seasonal 
changes in rainfall, although this is based on the average annual cycle rather than interannual 
variability (Brightsmith et al., 2018). The timing of egg-laying by short-billed black-cockatoos 
in south-western Australia is strongly linked to early autumn rainfall, probably because of the 
influence of rain on food availability later in the breeding season (Saunders et al., 2013). 
Likewise, earlier breeding is favoured by increased pre-breeding rainfall in green-rumped 
parrotlets (Forpus passerinus) in Venezuela (Tarwater and Beissinger, 2013). Monk parakeets 
(Myiopsitta monachus) in Argentina show advances in the timing of egg-laying in warmer 
springs, with weaker evidence that breeding is delayed by more frequent rainfall (Navarro 
and Bucher, 1992). This implies that rainfall is not the main influence for all species. 
 
These studies illustrate that climate impacts on raptor and psittacine species are variable and 
dependent upon species ecology and the local climate. More work is needed, in particular to 
test thresholds for extreme conditions and to investigate the impacts of tropical cyclones. 
 
1.6 Thesis aims and chapter structure 
The aim of this thesis is to improve our understanding of the factors that influence climate 
change vulnerability in tropical island species and how these factors could affect the design of 
conservation actions. Importantly, the effects of extreme events are considered in this study.  
The shortage of long-term datasets and studies on populations in the tropics means that this 
research is likely to make important contributions regarding tropical species responses to 
climate change. As part of this research, long-term climate trends are studied in important 
conservation areas in Mauritius. 
 
The focal population of Mauritius kestrels has been reintroduced to the Bambous Mountains 
in eastern Mauritius. Previous research indicates that spring rainfall delays breeding and that 
heavy rainfall later in the breeding season negatively impacts breeding success (Nicoll, 2004; 
Senapathi, 2009; Cartwright, 2011; Senapathi et al., 2011; Cartwright et al., 2014). The 
impacts of extreme events and temperature on breeding Mauritius kestrels have not been 
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studied so far, thus the present study extends previous research by considering these 
additional dimensions of the local climate. The echo parakeet population occupies remnant 
native forest in the southwest of Mauritius. Previous research has documented the effects of 
supplementary feeding and disease on the species’ demography (Tollington et al., 2015; Gath, 
2018); however, climate impacts on population-level demography have not been studied in 
this species. The present study thus represents a first investigation into population-level 
climate impacts for the echo parakeet. 
 
The findings of the present study will have relevance to the development of conservation 
actions for the focal species. The study will meet some of the neglected challenges identified 
by Butt et al. (2016), by investigating the sensitivity and adaptive capacity of species in 
addition to exposure, by including extreme events in analyses of climate impacts, and by 
quantifying recent climate trends and thus likely immediate impacts. 
 
The chapters in this thesis are based around the analysis of climate trends and analysis of 
climate impacts on each focal population; the results are then brought together for 
comparison and synthesis: 
 
Chapter 2: General Methods 
This chapter provides an overview of the study system and the collection of ecological and 
meteorological data used in later analyses. 
 
Chapter 3: Climate trends in areas of high conservation importance in Mauritius 
This chapter examines the selection of meteorological indices for ecological impacts, and thus 
the identification of potential climate risks in an ecological context. Climate trends in areas 
with populations of conservation concern are analysed. 
 
Chapter 4: Phenological tracking of a seasonal climate window in a recovering tropical island 
bird species 
This chapter investigates climate influences on the breeding phenology and success of the 
Mauritius kestrel. The analyses incorporate temperature and the estimated onset of the rainy 
season to further our understanding of how this species is responding to climate trends and 
variability. 
 
Chapter 5: Re-scheduling to reduce climate risks in a threatened tropical bird species  
This chapter investigates climate impacts on the breeding phenology and success of the echo 
parakeet, including interactions with age and supplementary feeding. The use of 
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supplementary food is expected to buffer climate effects, while age is considered as it could 
mediate environmental impacts in this long-lived species. 
 
Chapter 6: General Discussion 
This chapter brings together the findings of the previous chapters and draws conclusions, 
with discussion of the results in a wider context and suggestion of directions for future 
research.  
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2.1 Geography and climate of Mauritius 
Mauritius is an oceanic island of volcanic origin, located in the southwest Indian Ocean 
(SWIO) c.860 km east of Madagascar, and forms part of the Mascarene archipelago. Isotopic 
dating suggests that the island emerged ~8-10 million years ago (McDougall and Chamalaun, 
1969; Cheke and Hume, 2008). The main island (20°17’S, 57°36’E) is 1,865 km2 in area. Its 
topography is varied, with low plains in the north and east, rising up to ~400-600 m above 
sea-level (asl) on the Central Plateau, which runs approximately north to south in the 
southwest of the island (Cheke, 1987b; Cheke and Hume, 2008; Staub et al., 2014). In the 
southwest of the plateau, its southern and western flanks descend steeply to the coastal 
lowlands, and the area includes the Black River Gorges, a deeply dissected river bed (Cheke, 
1987b). The highest point on the island is Black River Peak, at 828 m asl (Cheke, 1987b; 
Cheke and Hume, 2008). Other highland areas include the Bambous Mountains in the east 
and Moka Mountains in the northwest (Cheke, 1987b). 
 
The modern landscapes of Mauritius are dominated by agricultural land and development, 
with forest now covering around 25% of the land area, of which only 2% is native forest 
(MAIFS, 2015). Much of the lowlands are now covered in sugarcane plantations, which 
account for ~86% of the cultivated land that was harvested in 2016 (Statistics Mauritius, 
2017). Tree-felling, initially for timber, began soon after permanent human settlement in 
1638 (Cheke and Hume, 2008). Forest clearance is estimated to have been particularly rapid 
from the late 18th to the mid-19th century, when the human population and extent of sugar 
cane cultivation increased rapidly (Cheke, 1987a; Norder et al., 2017). Land-use conversion, 
combined with the introduction of non-native plant species, resulted in native vegetation 
cover being reduced to 5% of the land area by 1993 (Safford, 1997).  
 
The Mascarene archipelago is characterised as having a tropical seasonal climate (Safford and 
Hawkins, 2013), influenced by the surrounding ocean and two main weather regimes: 
seasonal tropical cyclones and Southeast Trade Winds (Anderson, 2012). The trade winds 
originate from subtropical anticyclones that travel eastward over the southern Indian Ocean 
(Republic of Mauritius, 2010). These winds affect Mauritius almost permanently at speeds of 
1-45 km h-1, with the highest wind speeds usually occurring from June to November 
(Anderson, 2012). The subtropical anticyclones, often preceded by cold fronts, inject 
relatively cold air that produces light rain over the island, mainly over the east, south and 
Central Plateau; in summer the subtropical anticyclones become weaker and migrate 
poleward (Republic of Mauritius, 2010). 
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Rainfall in Mauritius can be divided into two broad seasons, with the Southeast Lesser 
Monsoon season from June until November, and the Northwest Monsoon and cyclone season 
from December until May (Senapathi, 2009; Senapathi et al., 2010), with daily temperatures 
peaking in the austral summer. In general, approximately 40% of total annual rainfall occurs 
in January-March, following the southward migration of the Inter-Tropical Convergence Zone 
(ITCZ) towards subtropical latitudes and the occurrence of tropical cyclones (Staub et al., 
2014). The SWIO basin experiences 11-12 tropical cyclones per year, with the regional 
cyclone season generally being from November to April (Malan et al., 2013). The highest 
frequencies of tropical cyclones in the South Indian Ocean basin are distributed fairly evenly 
along the monsoon trough at 10-20°S (Levinson et al., 2010). Rainfall in the Bambous 
Mountains is also influenced by sea surface temperatures in the western Indian Ocean, as 
well as large-scale factors including the Indian Monsoon and El Niño-Southern Oscillation 
(Senapathi et al., 2010). 
 
Mean annual rainfall on the main island varies longitudinally from ~1400 mm in the eastern 
coastal lowlands, to ~4000 mm in the highlands, and ~800 mm along the western coastal 
lowlands (Staub et al., 2014). The Bambous Mountains in the east of the island form a trade 
wind belt and receive large amounts of rain relative to adjacent lowlands (Staub et al., 2014). 
Orographic lifting takes place over the island as a result of its raised topography and has 
contributed to the creation of several microclimate zones, with the central uplands classed as 
super humid, the east and south regions classed as humid, and a small area in the west 
defined as semi-arid (reviewed by Anderson, 2012). The dry climate of the western lowlands 
is the result of a rain shadow effect caused by the position of the central uplands relative to 
the prevailing moist Southeast Trade Winds (Anderson, 2012). 
 
2.2 Study species 
This study utilises long-term detailed datasets on two threatened but recovering bird species 
that are endemic to Mauritius. These data have been collected during two of the most 
successful species recovery programmes ever conducted (Nicoll, 2004; Gath, 2018). The focal 
species serve as case studies for the factors affecting climate change vulnerability in tropical 
island species. Both species neared extinction in the late 20th century, but now number 
hundreds of individuals. The two focal species are ecologically very different and occupy 
contrasting study areas. The echo parakeet is a long-lived frugivore, and member of the order 
Psittaciformes, which is a highly threatened species group (Marsden and Royle, 2015). The 
data collected on the echo parakeet population provides an opportunity to gain detailed 
insights into climate impacts on a tropical psittacid. The Mauritius kestrel is a forest-dwelling 
falcon whose detailed monitoring has provided many insights into population regulatory 
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processes and the impacts of climate and land-use (Nicoll et al., 2003; Nicoll, 2004; Nicoll et 
al., 2006; Burgess, 2008; Burgess et al., 2008; Burgess et al., 2009; Senapathi, 2009; Burgess 
et al., 2011; Cartwright, 2011; Nevoux et al., 2011; Senapathi et al., 2011; Nevoux et al., 2013; 
Cartwright et al., 2014a, b). However, further research is needed to better understand the 
ways that different aspects of the climate, including extreme events, affect the species’ 
demography. 
 
2.2.1 Mauritius kestrel 
The Mauritius kestrel (Figure 2.1) is the only surviving resident species of raptor in 
Mauritius, and the population is thought to have been isolated for 1.9-2.6 million years 
(Groombridge et al., 2002). It is an Accipiter-like falcon that typically inhabits native forest 
(Temple, 1987; Cartwright, 2011), but has shown flexibility in occupying agricultural mosaics 
with a forest component (Burgess, 2008; Cartwright, 2011). It hunts a variety of introduced 
small birds, mammals and reptiles, and some insects, but shows a preference for native 
Phelsuma geckos (Jones, 1987; Temple, 1987; Carter and Jones, 1999). It usually forms 
monogamous pairs, which defend a breeding territory (Jones, 1987), and Mauritius kestrels 
are able to breed during their first year. Clutches of 1-5 eggs are laid from September 
onwards and breeding activity continues into the summer months, with the last young 
fledging in the middle of the summer rainy season (Nicoll, 2004; Cartwright, 2011). It nests in 
natural cavities in cliffs or trees. It is primarily the female that incubates the eggs and broods 
the nestlings, while the male provisions the family until the young have fledged (Cartwright, 
2011; Jones et al., 2013a). The species is usually single-brooded, but occasionally second, and 
rarely third, clutches are laid if the first attempt fails or a brood fledges early enough in the 
season (Cartwright, 2011). The breeding season spans two calendar years and is referred to 
using both of those years, e.g. 2014/2015. 
 
It is thought that the species was widely distributed in pristine forested Mauritius before 
colonisation by humans (Jones, 1987). However, it suffered severe declines owing to habitat 
destruction, invasive non-native species and pesticide use. Nests and fledglings are predated 
by invasive mammal species, including black rats (Rattus rattus), small Indian mongooses 
(Herpestes auropunctatus), feral cats (Felis catus) and crab-eating macaques (Macaca 
fascicularis) (Cade and Jones, 1993). By 1949, when the implementation of organochlorine 
pesticides for malaria eradication took place, the species was already restricted to upland 
areas (Safford and Jones, 1997), but pesticide exposure has been implicated in a further crash 
in the population (Jones, 1987; Safford and Jones, 1997). By the 1960s, the species was 
restricted to southwestern Mauritius (Jones, 1987), the only forested area not targeted for 
pesticide use (Cheke, 1987a). The species experienced a severe population bottleneck and 
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neared extinction in the mid-1970s, reaching a low of only four wild individuals, probably 
including only one breeding pair (Temple, 1986; Jones, 1987; Jones et al., 2013a), with two 
more individuals in captivity (Cade and Jones, 1993). Subsequent genetic analysis provides 
supporting evidence of a severe population bottleneck, with a probable low of four birds 
(Groombridge et al., 2001). 
 
The Mauritius kestrel has since become an icon of species recovery and conservation. A 
recovery programme was initiated in 1973, which has involved captive breeding, cross-
fostering in wild nests, releases of captive-bred and reared birds, clutch manipulation, 
provision of supplementary food and nest-boxes, and control of predators (Cade and Jones, 
1993; Jones et al., 1995). The species was reintroduced to upland forested areas in the 
Bambous and Moka mountain ranges, and additional birds were released to augment the 
remnant population in the Black River Gorges (Jones et al., 1995; Nicoll, 2004; Cartwright, 
2011). Following its reintroduction in 1991, the population in the Moka Mountains died out 
in the early 2000s (Jones et al., 2013a). 
 
 
 
 
Figure 2.1. Mauritius kestrel from the Bambous Mountains population. 
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Figure 2.2. Mauritius kestrel population trend and releases in the Bambous Mountains, 
Mauritius, from 1987/1988 to 2014/2015: black points and lines = number of monitored 
breeding pairs; grey columns = number of birds released. Year indicates that of the start of 
the breeding season. 
 
 
The species became extirpated from the Bambous Mountains in the 1950s (Cade and Jones, 
1993), but was reintroduced from 1987 onwards, with releases carried out between 1987 
and 1994 (Nicoll, 2004) (Figure 2.2). Intensive management of the Bambous Mountains 
population continued until the 1993/1994 season (Nicoll, 2004). The re-established 
population has since stabilised at ~50 breeding pairs (Figure 2.2). While the Bambous 
Mountains population is stable, the smaller extant population in the Black River Gorges has 
shown recent declines (BirdLife International, 2018a).  
 
The two extant populations rely heavily on the continued provision and maintenance of 
artificial nest-boxes, especially in the Bambous Mountains, where there is a shortage of 
suitable natural cavities (Cartwright, 2011). The species shows very limited dispersal, with 
most birds staying within 2 km of their natal territory (Nevoux et al., 2013). Natural 
recolonisation may be limited by conspecific attraction, in which transient non-breeders tend 
to occur at the margins of breeding territories, rather than occupying more remote patches of 
habitat (Jones et al., 1995; Cartwright, 2011). This could mean that further population growth 
will not be possible without large-scale forest restoration (Cartwright, 2011). The two extant 
populations are separated by over 18 km and are effectively isolated from one-another 
(Cartwright, 2011). The species is now estimated to number ~250 individuals (M. A. C. Nicoll, 
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pers. comm.). Research has confirmed that the population is inbred and has lost substantial 
genetic diversity, although the long-term consequences for the species are uncertain 
(Groombridge et al., 2000; Groombridge et al., 2001; Ewing et al., 2008). The species is 
currently listed as endangered on the IUCN Red List (BirdLife International, 2018a). 
 
Previous research has shown that the species is sensitive to variability in rainfall, with 
breeding success and juvenile survival negatively affected by increased rainfall in the rainy 
season, from December onwards (Nicoll et al., 2003; Nicoll, 2004). Breeding phenology is 
influenced by rainfall in spring, with delayed egg-laying in response to more frequent rainfall 
(Nicoll, 2004; Senapathi, 2009; Senapathi et al., 2011). Such delays potentially increase the 
exposure of broods to heavy rainfall in December, which reduces breeding success (Nicoll, 
2004; Senapathi, 2009; Senapathi et al., 2011). However, there is no evidence that population 
dynamics are affected by rainfall variability (Senapathi, 2009). Research has found spatial 
heterogeneity in recruitment rates (Burgess et al., 2008), avoidance of agricultural areas by 
juveniles (Burgess et al., 2009), and reduced egg to fledging survival in territories with a 
higher agricultural component (Burgess et al., 2011).  Increased exposure to agriculture 
worsens the seasonal decline in breeding fitness and the life-history strategies of birds are 
altered by exposure to a high agriculture component in their natal territory (Cartwright, 
2011; Cartwright et al., 2014a, b). The population has also provided opportunities to study 
the mechanisms through which density-dependence occurs (Nevoux et al., 2011) and the 
individual fitness consequences of dispersal (Nevoux et al., 2013). 
 
2.2.2 Echo parakeet 
The echo parakeet (Figure 2.3) is the only extant native psittacid species in Mauritius, and it 
may be a subspecies to an extinct taxon that occurred on Reunion (Jones et al., 2013b). It 
feeds on plant material, including the fruit, flowers, leaves, buds and bark, of more than 50 
species (Jones, 1987; Jones et al., 2013b). The species is generally arboreal and forages 
widely, alone or in groups, visiting different areas to target a variety of plant species 
depending on the time of year (Jones, 1987; Jones et al., 2013b). The longevity of echo 
parakeets is not known, but is thought to be similar to the closely related ring-necked 
parakeet (P. krameri), which may live for 25 years (Gath, 2018). This is likely, given that some 
breeding echo parakeets are aged between 15 and 20 years (Gath, 2018). Echo parakeets can 
breed at two years of age, but most transition to breeders at three years of age or older (Gath, 
2018). The species is generally monogamous and usually lays one clutch per season, in a 
cavity in a hollow branch or tree trunk (Jones et al., 2013b), with occasional re-laying after 
failed breeding attempts (Tollington et al., 2015). However, second clutches are rare overall, 
with only 42 being recorded up until and including the 2013/2014 breeding season.  As yet 
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there are no records of a second clutch following a successful breeding attempt (Gath, 2018). 
The breeding season encompasses the austral spring and summer, stretching from August 
through to March. Clutches of 1-4 eggs are laid from early August onwards. The breeding 
season thus spans two calendar years and is referred to using both years, e.g. 2013/2014. 
 
It is thought that the echo parakeet was widespread throughout Mauritius before human 
colonisation, but it has been restricted to the southwest of the island since the late 1970s, 
where it mainly inhabits remnant native forest in the Black River Gorges National Park 
(BRGNP) and adjacent areas (Jones and Owadally, 1988). It experienced a severe population 
bottleneck in the late 1980s, when it may have reached a low of as few as 20 individuals 
(Tatayah et al., 2007), limited to an area of 50 km2 of native forest (Jones and Duffy, 1993). 
Shortages of food and suitable nest cavities, owing to habitat destruction and degradation, 
are implicated in the population decline (Jones, 1987; Young, 1987). In addition, the decline 
has been linked to nest predation by black rats and crab-eating macaques, and competition 
for nest-sites with the introduced common mynah (Acridotheres tristis) and ring-necked 
parakeet, native white-tailed tropic-bird (Phaethon lepturus), honey bees (Apis mellifera), 
wasps (Polistes hebraeus) and termites (Isoptera) (Jones, 1987; Jones et al., 2013b). 
 
 
 
 
Figure 2.3. Male echo parakeet at a feeding hopper. 
 
 
 41 
 
 
Monitoring of the echo parakeet population started in 1973, and management was intensified 
in 1987 (Jones et al., 2013a). An official recovery programme was initiated in 1993 (Jones and 
Duffy, 1993), involving captive breeding and releases, nest manipulations, supplementary 
feeding and the provision and protection of nest-sites (Jones and Duffy, 1993). Intensive 
management techniques were used from 1993 until 2005, including daily monitoring of 
nesting attempts, medical and nutritional interventions or captive-rearing for nestlings 
showing poor development, and cross-fostering of eggs and nestlings (Gath, 2018). Following 
a successful trial in 1997, a total of 50 captive-reared echo parakeets were soft-released at 
Plaine Lievre in the BRGNP between 1997 and 2001, with another 49 released nearby at Bel 
Ombre between 2002 and 2004 (Gath, 2018) (Figures 2.4 and 2.6). An attempt to establish a 
third subpopulation with the release of 36 birds in 2004 was unsuccessful due to an outbreak 
of Psittacine Beak and Feather Disease (PBFD) (Gath, 2018).  
 
 
 
 
Figure 2.4. Echo parakeet population trend and releases in southwestern Mauritius, from 
1987/1988 to 2013/2014: black points and lines = number of monitored breeding pairs; 
grey columns = number of birds released. Year indicates that of the start of the breeding 
season. 
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Attempts at providing supplementary food since 1979 were at first unsuccessful, until a 
revised programme started in 1997 as part of releases of captive-bred birds in which the 
released birds were trained to take food from hoppers; wild-bred birds subsequently learnt 
to use the hoppers (reviewed by Gath, 2018). Artificial food pellets and fresh fruit are 
provided. Consumption rates of supplementary food vary between individual birds, but 82% 
of the population is known to currently include it in their diet (Gath, 2018). Supplementary 
food use has been shown to generally increase measures of breeding success (Jones et al., 
2013b; Tollington et al., 2015; Gath, 2018). 
 
The reintroduction component of the recovery programme was halted and management 
interventions reduced in 2005, following the outbreak of PBFD (Kundu et al., 2012; Jones et 
al., 2013a; Tollington et al., 2015). Nest manipulations have since been avoided unless 
absolutely necessary and the frequency of nest visits has been reduced (Gath 2018). The 
outbreak of PBFD has been linked to reduced breeding success in supplementary fed pairs, 
suggesting that the provision and use of supplementary food at communal feeding stations is 
linked to the transmission of the Beak and Feather Disease Virus (Tollington et al., 2015; 
Gath, 2018). Survival in younger age classes of non-breeding birds has decreased since the 
outbreak of PBFD (Gath, 2018).  
 
Despite the outbreak of disease, the population has increased to over 600 individuals (Gath, 
2018), including over 100 breeding pairs (Figure 2.4), and this increase appears to be 
continuing. The extant population has been regarded as comprising three subpopulations 
(Tollington et al., 2013), although two are recognised in this study: 1) Grande Gorge and 2) 
Bel Ombre, located in and around the BRGNP. Individuals have been moved between the 
Grande Gorge and Bel Ombre subpopulations to achieve genetic homogenisation (Jones et al., 
2013a). Work is now underway to establish a population in the Bambous Mountains. The 
species is currently listed as endangered on the IUCN Red List (BirdLife International, 
2018b). 
 
2.3 Ecological data and study sites 
The recovery programmes for both study species have involved detailed monitoring 
protocols, resulting in the collection of data on the majority of individuals and breeding 
attempts. 
 
2.3.1 Mauritius kestrel 
The focal population of Mauritius kestrels is located in the Bambous Mountains (20°20’ S, 
57°40’ E, Figure 2.5). The study area spans 163 km2, across a mountain range with a 15-km 
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spine running east to west, and a number of southward-running spurs, with elevation ranging 
from sea-level to 626 m (Burgess, 2008). The landscape is dominated by fragmented and 
heavily invaded forest, with a mosaic of cultivated fields, and is bounded by vast areas of 
agricultural land (Burgess, 2008; Cartwright, 2011). The forest of the Bambous Mountains is 
a relic of lower montane wet forest, with a very small area of dry evergreen forest at lower 
elevations and in the north of the area (Burgess, 2008). Large areas are dominated by 
invasive plant species, particularly Traveller’s palm (Ravenala madagascariensis), strawberry 
guava (Psidium cattleianum), privet (Ligustrum robustum), the ‘Liane Cerf’ creeper (Hiptage 
benghalensis) and mango (Mangifera indica) (Burgess, 2008). The core range is privately 
owned and managed as hunting land, which is stocked with introduced Java deer (Cervis 
timorensis), and as such some areas of forest have been cleared for grazing land. There are 
more than 80 known previously-used Mauritius kestrel nest-sites in the study area, including 
natural tree and cliff cavities, and artificial nest-boxes (Cartwright, 2011). Given the species’ 
limited dispersal and the distance to the other extant population, the Bambous Mountains 
population of kestrels can be considered to be a single closed system (Cartwright, 2011). 
 
 
 
Figure 2.5. Map of Bambous Mountains study area with known Mauritius kestrel nest-sites 
(black points) and weather stations used in this study (blue points). Elevation data are 
provided by the NASA Shuttle Radar Topography Mission Version 3.0. 
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The majority (>90%) of birds entering the Mauritius kestrel population in the Bambous 
Mountains are fitted with coloured leg rings (Senapathi et al., 2011) and can be identified by 
sight without the need for recapture. Intensive monitoring takes place in the breeding season, 
and teams start to visit known nest-sites in September. Inactive nest-sites are repeatedly 
checked to ensure that no breeding attempts are missed. Active nests are systematically 
monitored during the breeding season, and chicks are ringed and measured at 12-28 days of 
age, before they leave the nest (Nicoll, 2004). Active nests are visited as often as possible 
within the constraints of the availability of field workers. Data are usually collected on first 
egg-laying date, clutch size and number of fledglings. For the majority of clutches, visits take 
place at least once during the laying period and again to determine the total clutch size 
(Nicoll, 2004). Longer gaps between visits can create uncertainty in data on clutch size and 
first egg-laying date. Precise egg-laying dates are rarely recorded during fieldwork, thus 
standardised back calculations, based on data from a sample of nests visited daily, are used to 
estimate laying dates (Nicoll, 2004). These calculations are applied when a nesting attempt is 
discovered prior to or during laying or when the complete clutch has been laid, although not 
when a clutch does not hatch or the clutch size is unknown. For these calculations, the 
incubation period is assumed to be 29 days (based on a range of 28-30 days), with incubation 
assumed to start when the penultimate egg is laid and a 3-day interval assumed between the 
laying of each egg (Nicoll, 2004). Fieldwork continues until the end of February when the last 
chicks are usually fledging. The majority (>90%) of breeding pairs are located and monitored 
each year (Senapathi et al., 2011). Where possible, the identity of the female and male are 
noted and from this the age and prior breeding experience of the pair can often be deduced. 
Data are also available on nest-site and territory characteristics. In addition to nest 
monitoring, a record is kept of which adult birds are re-sighted during each breeding season. 
The data used in this study are drawn from 911 documented breeding attempts from 
1988/1989 to 2014/2015; in this study a breeding attempt is defined as the laying of at least 
one egg. 
 
2.3.2 Echo parakeet 
The focal population of echo parakeets is located in and around the BRGNP (20°25’ S, 57°27’ 
E, Figure 2.6), which includes areas of highly degraded native forest, invaded with non-native 
species, including strawberry guava and privet (Thorsen et al., 1997). Areas of native forest 
are being systematically cleared of invasive species by the National Parks and Conservation 
Service of Mauritius. The species occurs mostly above 150 m asl (Jones et al., 2013b). The two 
subpopulations are separated by a c.2 km-wide plateau of agricultural land and degraded 
habitat (Gath, 2018). Grande Gorge is the larger subpopulation, with 76 breeding pairs in the 
2013/2014 season, compared with 28 pairs at Bel Ombre. 
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An intensive monitoring programme for the echo parakeet has accompanied the recovery 
programme since 1991, and was made official in 1993 (Gath, 2018). Almost all individuals 
(>95%) in the population are fitted with coloured leg rings, allowing them to be identified in 
the field. Data on supplementary food use are collected during observation periods at feeding 
hoppers. These ‘hopper watches’ are carried out on four days per week and last one hour, 
beginning at dawn (Gath, 2018). All birds sighted at the hoppers are identified. The hoppers 
at Plaine Lievre have been monitored most consistently, with more intermittent observations 
at Brise Fer, Mare Longue and Bel Ombre (Figure 2.6). Once a month, a full day watch at Bel 
Ombre is carried out (Gath, 2018).   
 
 
 
 
Figure 2.6. Map of the Black River Gorges area with known echo parakeet nest-sites (black 
points), feeding stations and release sites (purple points) and the weather stations used in 
this study (blue points). National park boundaries are shown in red (data provided by 
MWF). The two subpopulations are circled in yellow: northern subpopulation = Grande 
Gorge; southern subpopulation = Bel Ombre (following Gath, 2018). Elevation data are 
provided by the NASA Shuttle Radar Topography Mission Version 3.0. 
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All breeding activity is documented throughout each bird’s lifetime. Data are usually collected 
on first egg-laying date, clutch size and number of fledglings. Known nest-sites are regularly 
visited at the start of the breeding season and then checked systematically until the status of 
any breeding pair is known. The frequency of visits to active nests has changed between 
seasons due to changes in monitoring protocols. In general, nest visits are kept as infrequent 
as possible, while scheduling to collect important data and to ring the nestlings (e.g. Henshaw 
et al., 2015). The incubation period is assumed to be 25 days and nestlings are typically 
ringed when they are 13-15 days old (e.g. Henshaw et al., 2015). Once a clutch had been laid, 
nest visits are scheduled to coincide with hatching and to ring the nestlings, with some nests 
visited more frequently in some seasons. Where long gaps occur between visits or the timing 
of hatching is not accurately predicted this increases uncertainty in the data on clutch size 
and first egg-laying date, and data on hatching success may be unreliable if hatching is 
missed. Where the first egg-laying date is not directly estimated, back calculation is used, 
assuming an incubation period of 25 days and the laying of eggs at 1-day intervals. Where 
possible, the identity of the female and male are noted and from this the age and prior 
breeding experience of the pair can often be calculated. Data are also available on nest-site 
characteristics. These data are collected in a stud book, which has been adapted for use in 
life-history and demographic analyses (Gath, 2018). Although population monitoring focuses 
on breeding birds, incidental observations of non-breeding birds have also been collected 
during breeding seasons (Gath, 2018). The data used in this study are drawn from the 
recently compiled studbook (Gath, 2018), with a total of 867 wild breeding attempts with a 
known clutch size from 1991/1992 to 2013/2014; in this study, a breeding attempt is 
defined as the laying of at least one egg. 
 
2.4 Meteorological data 
Daily weather station data and tropical cyclone tracks are used for the analysis of climate 
trends and impacts on the focal species. A variety of weather stations are used to collect 
meteorological data and observations in Mauritius. Synoptic stations are operated by 
Mauritius Meteorological Services (MMS) and automatically collect comprehensive weather 
data at fixed time intervals, reporting these via the Global Telecommunication System of the 
World Meteorological Organization (WMO) (MMS, 2008). Other smaller weather stations and 
rain gauges are operated by MMS, the Mauritius Sugar Industry Research Institute, 
agricultural estates and private citizens (MMS, 2008).  
 
Data on precipitation, surface air temperature and tropical cyclone tracks for use in this study 
were obtained for locations relevant to the focal populations and sites of conservation 
importance. Rainfall data from a rain gauge in the Bambous Mountains were contributed by 
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Ferney Sugar Estate. These data were collected at Mt Camizard (20°20’S, 57°42’E, 21 m asl, 
Figure 2.5), within the range of the Bambous Mountains kestrel population, and constitute a 
dataset used in previous studies on the Mauritius kestrel (Nicoll et al., 2003; Nicoll, 2004; 
Burgess, 2008; Burgess et al., 2008; Burgess et al., 2009; Senapathi, 2009; Senapathi et al., 
2010; Burgess et al., 2011; Cartwright, 2011; Senapathi et al., 2011; Cartwright et al., 2014a, 
b). Rainfall data relevant to the focal population of echo parakeets were obtained from a rain 
gauge at Petrin (20°24’S, 57°28’E, 655 m asl, Figure 2.6) and contributed by MMS. Daily 
precipitation and temperature data from two synoptic stations on mainland Mauritius, at 
Plaisance (20°26’S, 57°41’E, 50 m asl, Figure 2.5) and Vacoas (20°17’S, 57°29’E, 424 m asl, 
Figure 2.6), were obtained from the National Centers for Environmental Information of the 
National Oceanic and Atmospheric Administration (NOAA: www.ncdc.noaa.gov) in the form 
of two inventories for each station: the Global Historical Climatology Network-Daily (GHCN-
Daily) and Global Summary of the Day (GSOD). A complete time series of daily rainfall data 
from Plaisance for 1992-2015 was contributed by MMS. An incomplete time series of daily 
rainfall on Ile aux Aigrettes from January 2013 to April 2015 was contributed by the 
Mauritian Wildlife Foundation (MWF). 
 
The GHCN-Daily data on rainfall and temperature at both synoptic stations comprise GSOD 
data in more recent years, thus missing values in the GHCN inventories in these years were 
filled with values from the GSOD inventories where available. Despite this process, the 
number of missing precipitation values for Vacoas limits the extent of subsequent analysis 
possible with this dataset. Nevertheless, the precipitation data from Vacoas form a longer-
term dataset than available for Petrin, thus the Vacoas data are used to supplement the 
shorter-term trend analyses for Petrin when looking at climate trends in the national park. To 
further minimise the number of missing precipitation values and maximise the duration of 
the time series for Plaisance, the data from GHCN/GSOD and MMS were combined. During the 
process of combining these datasets, rainfall values from the MMS inventory were used to fill 
data gaps and replace zero values in the GHCN/GSOD data. However, it should be noted that 
differences between these inventories may create biases in the combined data. 
 
Tropical cyclone tracks were downloaded as ESRI shapefiles from the International Best 
Track Archive for Climate Stewardship (IBTrACS v03r10) (Knapp et al., 2010) via NOAA 
(www.ncdc.noaa.gov/ibtracs). Global best-track data comprise 6-hourly estimates of the 
location (latitude and longitude) and intensity (usually estimated as maximum sustained 
wind speed) of tropical cyclones during varying periods of record in each cyclone basin. A 
substantial proportion of intensity estimates are informed by the Dvorak technique, in which 
visible and infrared satellite data are used to study cloud features and temperatures in the 
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eye and surrounding clouds (Dvorak, 1984). Dvorak methods were introduced into 
operational procedures for the SWIO region in 1982, although this was in the absence of 
digital imagery (Terry et al., 2013). Digital imagery from orbiting weather satellites became 
available in 1991 for the purposes of cyclone tracking in the Indian Ocean region (Terry et al., 
2013). In 1998, a satellite was repositioned to provide improvements in view angle and 
image quality, thus resulting in a change in satellite data quality for the north and south 
Indian Ocean regions (Kossin et al., 2013). These advances in the tracking and assessment of 
tropical cyclones in the SWIO have undoubtedly introduced biases into observed trends in 
the data (Terry et al., 2013); however, these inconsistencies are difficult to remove without 
re-analysing satellite images (Kossin et al., 2013) and this is beyond the scope of this study 
(see Chapter 3 for details). 
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Chapter 3 
Climate trends in areas of high conservation 
importance in Mauritius 
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3.1 Abstract 
Projected climate change is expected to result in changes to overall climate regimes and the 
frequency and severity of extreme events. The definition of extreme events in ecological 
studies is a subject of ongoing discussion, with choices between standard meteorological 
approaches, biological thresholds and hybrid approaches that combine these. Trends in the 
exposure of ecosystems and species to climate risks can vary on local scales, particularly in 
topographically complex areas. In Mauritius, rainfall trends appear to vary locally, but it is not 
known if extremes follow the same patterns or if this local variation is relevant to species 
conservation. To study this I selected ecologically-relevant climate indices based on 
meteorological approaches, including for extremes, and studied trends in three areas of high 
conservation importance. These recent trends may indicate recent pressures on species and 
future climate risks. The trend analyses indicate that average temperatures and extreme heat 
events have increased since the 1950s at two locations with relevant data available. Patterns 
in the occurrence of tropical cyclones since 1980 show decadal variation and no significant 
trends. The analysis of precipitation trends show that the Bambous Mountains in eastern 
Mauritius have received increases in overall and extreme rainfall since the 1960s, while Ile 
aux Aigrettes, a small offshore island occupied by populations of other threatened species 
and located within 6 km, has experienced some decreases in rainfall since the 1950s and 
potentially an increasing risk of drought. This local-scale variation in rainfall trends, including 
for some extreme indices, may result from differences in local orography and perhaps a shift 
in the direction of prevailing weather patterns. It is recommended that climate change 
vulnerability assessments and management strategies for important conservation areas and 
very restricted-range species should account for such local variation in climate trends and 
impacts and should be adapted over local scales. The use of meteorological indices in 
ecological studies arguably increases relevance to policy-makers and general climate 
research. 
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3.2 Introduction 
Global biodiversity is under threat from a variety of anthropogenic processes, including 
habitat loss and degradation, overexploitation, the introduction of non-native species, 
pollution, global climate change, and the synergistic interactions of these processes (IUCN 
2016). Insular species are particularly susceptible to these threats, owing to their often 
limited geographic range and population, and their isolated evolution (Berglund et al., 2009; 
Fordham and Brook, 2010). Island-endemic species are generally expected to be highly 
vulnerable to climate change, based on high exposure and sensitivity and low adaptive 
capacity. Their inherently limited distribution constrains range shifts and increases the 
exposure of the population to climate risks (Foden et al., 2013), and small population size 
may limit genetic diversity and the possibility of evolutionary adaptation to new pressures 
(Strauss et al., 2006). Yet, tropical islands harbour biotas with very high endemism (Kier et 
al., 2009), such that large numbers of highly distinct island species could be under serious 
threat from climate change. 
 
Projections of the ecological impacts of climate change ideally incorporate species 
vulnerability assessments, including relevant information on exposure, sensitivity and 
adaptive capacity (Williams et al., 2008; Dawson et al., 2011; Foden et al., 2013; Moritz and 
Agudo, 2013). An aspect that is often overlooked in projections of ecological impacts from 
climate change is the occurrence of changes in extreme weather and climate events, hereafter 
referred to as extreme events. Evidence indicates that projected climate change is likely to 
result in changes to the frequency, intensity, extent, duration and timing of extreme events 
(IPCC, 2014), which are typically defined by their rarity and severity (Stephenson, 2008). 
Evidence already exists to indicate that the frequency, intensity and duration of some 
extreme events have been changing as the climate system has warmed (NAS, 2016).  
 
It has been argued that changes in the frequency and intensity of extreme events pose a 
greater threat to ecosystem functioning than shifts in global average temperatures and 
precipitation regimes (Jentsch and Beierkuhnlein, 2008). Increases in the frequency, severity 
and duration of extreme events can trigger resource bottlenecks that act as powerful 
demographic constraints on species (Maron et al., 2015), and often exacerbate other human-
induced pressures such as land-use change (Parmesan et al., 2000; Maron et al., 2015). The 
ecological consequences of changes in extreme events are often overlooked owing to gaps in 
our knowledge of how they affect species and ecosystems. Extreme events are difficult to 
study because such events are rare and their rarity and severity are very context-dependent 
(Smith, 2011). This has resulted in a lack of consistency in how extremes are defined in 
ecological studies, ranging from the use of meteorological definitions of rarity and intensity, 
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or biological definitions based on impacts, to proposed hybrid definitions that incorporate 
both meteorological and biological thresholds (Smith, 2011; Bailey and van de Pol, 2016; van 
de Pol et al., 2017). In addition, an extreme event may be defined on the basis of its 
abruptness (a function of magnitude over duration) relative to the life cycle of the species 
being studied (Jentsch et al., 2007). There have been calls for more research on the ecological 
impacts of extreme events, including for species vulnerability studies (Chapman et al., 2014) 
and spatial conservation prioritisation (Jones et al., 2016), and there remains a need for more 
studies that are long term and cover multiple events (Bailey and van de Pol, 2016; van de Pol 
et al., 2017). 
 
Another aspect that is often overlooked in studies of species vulnerability to climate change is 
the potential for local-scale variation in long-term climate trends. Similar climate risks may 
be assumed for all species on a small island or all subpopulations of a restricted-range 
species. However, climate trends, especially those concerning precipitation, can vary in sign 
and magnitude over small scales, especially in areas of complex topography, were orography 
is an important influence on local precipitation (Kittel et al., 2015). While spatial variation in 
microclimate has received much attention (e.g. Suggitt et al., 2018), the ecological 
implications of fine-scale variation in long-term climate trends are often overlooked. 
 
A major aim of this thesis is to study vulnerability to climate change, including to changes in 
extreme events, in threatened species endemic to the topographically varied island of 
Mauritius (1,865 km2). Mauritius provides an opportunity to explore climate impacts on 
threatened species because there are long-term meteorological datasets available and it 
harbours endemic species of high conservation concern. This country is emblematic of 
tropical island biodiversity and the loss of species, which has occurred primarily due to 
hunting, habitat loss and degradation, and the introduction of non-native species (Cheke and 
Hume, 2008). However, during the late 20th century the investment of substantial funds and 
effort into intensive conservation work has been successful in averting the extinction of some 
of the country’s native species (Cheke and Hume, 2008; Rodrigues et al., 2014). These 
achievements are potentially jeopardised by climate change, including changes in the 
occurrence of extreme events.  
 
Existing evidence indicates that in Mauritius there has been a general trend of decreasing 
rainfall (Republic of Mauritius, 2016), although in the Bambous Mountains of eastern 
Mauritius total rainfall and rainfall frequency have been increasing (Senapathi et al., 2010). 
While there is strong evidence of increases in total rainfall and the number of raindays, 
trends in the occurrence of extreme events have not been studied in the Bambous Mountains. 
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I set out to study whether these apparently contrasting climate trends in Mauritius are 
relevant to species conservation and whether trends in extremes follow the same patterns. I 
hypothesised that trends in extremes will follow the trends shown in previous analyses, with 
extreme rainfall expected to be increasing in the Bambous Mountains and drought risk 
expected to be increasing elsewhere on the island. Such trends could have implications for 
the conservation of threatened species. The Bambous Mountains harbour a reintroduced 
population of the Mauritius kestrel (Falco punctatus) and the area is the subject of other 
threatened species reintroduction projects. There are important insurance populations of 
threatened species, located nearby on an offshore islet, Ile aux Aigrettes, which may be 
assumed to be experiencing the same rainfall trends as the Bambous Mountains; however, 
long-term climate trends have not been studied there. Arguably the most important area for 
biodiversity conservation in Mauritius is the Black River Gorges National Park (BRGNP), 
which harbours remnant populations of several threatened species, including the echo 
parakeet (Psittacula eques), and remnant fragments of native forest. Long-term climate 
trends, relevant to the threatened species occurring there, have not been studied for the 
national park. These knowledge gaps regarding climate trends at sites of conservation 
importance in Mauritius constrain the ability of conservation managers and policy-makers to 
develop informed strategies for future conservation work. The aims of this chapter are to 
develop ecologically-relevant indices for meteorological conditions, including for extreme 
events, and to quantify past trends in these indices in areas of high conservation importance 
in Mauritius. Such knowledge will assist conservation managers, who may need to adapt 
future conservation strategies. 
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3.3 Methods 
3.3.1 Study system 
Mauritius is an oceanic island state of volcanic origin, located in the Southwest Indian Ocean 
(SWIO), c.860 km east of Madagascar, and forms part of the Mascarene archipelago. The main 
island (20°17’S, 57°36’E) is 1,865 km2 in area and features a central plateau at 400-600 m 
elevation and several mountain ranges (Staub et al., 2014). Forest on the main island of 
Mauritius now covers around 25% of the land area, of which only 2% is native forest, 
following extensive land-use change for agriculture and development (MAIFS, 2015). 
 
The Mascarene islands have a tropical seasonal climate (Safford and Hawkins, 2013), 
influenced by the surrounding ocean and two main weather regimes: seasonal tropical 
cyclones and the Southeast Trade Winds (Anderson, 2012). The Bambous Mountains in 
eastern Mauritius form a trade wind belt, and experience some of the highest annual rainfall 
amounts on the island (Staub et al., 2014). Rainfall in Mauritius can be divided into two broad 
seasons, with the Southeast Lesser Monsoon season from June until November, and the 
Northwest Monsoon and cyclone season from December until May (Senapathi, 2009; 
Senapathi et al., 2010) (see Figures 3.2-3.4), with daily temperatures peaking in the austral 
summer (see Figures 3.5 and 3.6). In general, approximately 40% of total annual rainfall 
occurs in January-March, following the southward migration of the Inter-Tropical 
Convergence Zone (ITCZ) towards subtropical latitudes and the occurrence of tropical 
cyclones (Staub et al., 2014). The SWIO basin experiences 11-12 tropical cyclones per year, 
with the cyclone season generally being from November to April (Malan et al., 2013). Rainfall 
in the Bambous Mountains on the east coast of Mauritius is also influenced by sea surface 
temperatures in the western Indian Ocean, as well as large-scale factors including the Indian 
Monsoon and El Niño-Southern Oscillation (Senapathi et al., 2010). 
 
Mean annual rainfall varies longitudinally, from ~1400 mm in the eastern coastal lowlands, 
to ~4000 mm in the highlands, and ~800 mm along the western coastal lowlands (Staub et 
al., 2014). Orographic lifting takes place over the island as a result of its raised topography 
and has contributed to the creation of several microclimate zones, with the central uplands 
classed as super humid, the eastern and southern regions classed as humid, and a small area 
in the west defined as semi-arid (reviewed by Anderson, 2012). 
 
3.3.2 Areas of high conservation importance 
In this study, climate trends are analysed in three areas, selected on the basis of the 
threatened species populations that occur there and thus their importance to biodiversity 
conservation. They represent climatically and topographically distinct areas, with 
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representation of uplands, intermediate mountains and hills, and coastal lowlands. The Black 
River Gorges National Park harbours remnant fragments of native forest on Mauritius, 
although much of it is invaded with non-native plant and animal species. Several threatened 
vertebrate species have important populations within the national park, including the echo 
parakeet, Mauritius kestrel, pink pigeon (Nesoenas mayeri), Mauritius cuckoo-shrike 
(Coracina typica), Mauritius olive white-eye (Zosterops chloronothos) and Mauritius fody 
(Foudia rubra). The national park comprises upland areas and areas of steep topography, 
descending to the south-western coastal lowlands, and holds fragments of degraded native 
forest. In Chapter 5, climate impacts on the echo parakeet in upland areas will be explored in 
more detail. The Bambous Mountains in eastern Mauritius hold a reintroduced population of 
the Mauritius kestrel, and other species are being reintroduced into the area, including the 
pink pigeon, echo parakeet and Mauritius cuckoo-shrike. The area is dominated by hunting 
land and farmland, with remnant fragments of native forest. The topography comprises 
lowlands, hills and low mountains. In Chapter 4, climate impacts on the Bambous Mountains 
population of Mauritius kestrels are explored. Ile aux Aigrettes (IAA) is a low-lying coralline 
islet, located ~625 m off the coast of south-eastern Mauritius, and is within 6 km of the 
Bambous Mountains. This island is kept free of predators and is the subject of ongoing habitat 
restoration. Insurance populations of several threatened species have been established on 
the islet, including the Mauritius fody, Mauritius olive white-eye, pink pigeon, Telfair’s skink 
(Leiolopisma telfairii) and Günther’s gecko (Phelsuma guentheri). 
 
3.3.3 Selection of meteorological datasets 
Data on precipitation, surface air temperature and tropical cyclone tracks were obtained 
from a variety of sources (Table 3.1) for locations relevant to the focal areas of conservation 
importance (Figure 3.1). Rainfall data from a rain gauge in the Bambous Mountains were 
contributed by Ferney Sugar Estate. These data were collected at Mt Camizard (20°20’S, 
57°42’E, 21 m asl), within the range of the Bambous Mountains kestrel population, and 
constitute a dataset used in previous studies on the Mauritius kestrel (Nicoll et al., 2003; 
Nicoll, 2004; Burgess, 2008; Burgess et al., 2008; Burgess et al., 2009; Senapathi, 2009; 
Senapathi et al., 2010; Burgess et al., 2011; Cartwright, 2011; Senapathi et al., 2011; 
Cartwright et al., 2014a, b). Rainfall data relevant to focal populations in and around the 
BRGNP were obtained from a rain gauge at Petrin (20°24’S, 57°28’E, 655 m asl) and 
contributed by Mauritius Meteorological Services (MMS). Based on the spatial modelling of 
rainfall (see Staub et al., 2014), this gauge is thought to occupy a microclimate zone similar to 
most echo parakeet nest-sites, and is located within 10 km of all spatially-referenced nest-
sites. Daily precipitation and temperature data from the two synoptic stations on mainland 
Mauritius, at Plaisance (20°26’S, 57°41’E, 50 m asl, c.5 km from IAA and c.11 km from Mt 
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Camizard) and Vacoas (20°17’S, 57°29’E, 424 m asl, c.12 km from Petrin) were downloaded 
from the National Centers for Environmental Information of the National Oceanic and 
Atmospheric Administration (NOAA: www.ncdc.noaa.gov) in the form of two inventories for 
each station: the Global Historical Climatology Network-Daily (GHCN-Daily) and Global 
Summary of the Day (GSOD). A complete time series of daily rainfall data from Plaisance for 
1992-2015 was contributed by MMS.  
 
The GHCN-Daily data on rainfall and temperature from the Plaisance and Vacoas synoptic 
stations comprise GSOD data in more recent years, thus missing values in the GHCN 
inventories in these years were filled with values from the GSOD inventories where available. 
The number of missing precipitation values for Vacoas causes difficulties in calculating 
reliable values for extreme indices and limits the extent of subsequent analysis possible with 
this dataset. Despite this, the precipitation data from Vacoas form a longer-term dataset than 
available for Petrin, thus the Vacoas data are used for trend analyses for some indices when 
looking at climate trends in the national park. To further minimise the number of missing 
precipitation values and maximise the duration of the time series for Plaisance, the data from 
GHCN-Daily and MMS were combined. During the process of combining these datasets, 
rainfall values from the MMS inventory were used to fill data gaps and replace zero values in 
the GHCN/GSOD data. However, differences between the inventories could create biases. In 
addition, an incomplete time series of daily rainfall on IAA from January 2013 to April 2015 
was contributed by the Mauritian Wildlife Foundation (MWF); however, the short time span 
and proportion of missing values render these data inappropriate for use in computing 
meteorological indices for the study of ecological impacts.  
 
Tropical cyclone tracks and accompanying data were downloaded as ESRI shapefiles from the 
International Best Track Archive for Climate Stewardship (IBTrACS v03r10) (Knapp et al., 
2010) via NOAA (www.ncdc.noaa.gov/ibtracs). Global best-track data comprise 6-hourly 
estimates of the location (latitude and longitude) and intensity (usually estimated as 
maximum sustained wind speed) of every recorded tropical cyclone during varying periods 
of record in each world region. For the SWIO region, 1982 saw the introduction of Dvorak 
methods for intensity estimation (Dvorak, 1984) in operational procedures, although this 
was in the absence of digital imagery (Terry et al., 2013). Periodic advances in the tracking 
and assessment of tropical cyclones in the SWIO, through the introduction of digital imagery 
in 1991 (Terry et al., 2013) and repositioning of a satellite in 1998 (Elsner et al., 2008; Kossin 
et al., 2013), have undoubtedly introduced biases into observed trends in the data (Terry et 
al., 2013). It is expected that these changes are more likely to result in biases in intensity 
estimation rather than position estimation. Prior to the improvement of the view angle in 
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1998, intensity estimates for the tropical Indian Ocean used a more oblique view angle and 
were likely biased high for some cyclones due to lower estimates of cloud-top temperatures 
from infrared brightness (Elsner et al., 2008; Kossin et al., 2013), and biased low for some 
cyclones due to difficulty in identifying the development of an eye (Kossin et al., 2013). This 
makes it challenging to adjust for inhomogeneities without re-selecting the satellite imagery 
used for intensity estimates, as carried out by Kossin et al. (2013). It is beyond the scope of 
this study to use such methods to improve the homogeneity of intensity estimates; however, 
potential inhomogeneities should be borne in mind when interpreting subsequent analyses.  
 
 
 
Figure 3.1. Map of mainland Mauritius showing the weather stations used in this study 
(blue points). Red lines indicate the borders of the Black River Gorges National Park. 
Contour lines show 100 m contours. 
 
 
 
3.3.4 Identification of proxy data 
Sufficient rain gauge data were not available from the rain gauge on IAA for use in this study, 
so the combined rain gauge data from Plaisance were compared to daily data collected on IAA 
to ascertain whether rainfall at Plaisance could be used as a proxy of rainfall on IAA. Data 
from IAA were only available for the period January 2013 to April 2015 inclusive, and values 
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for 299 days (35.2%) were missing, thus limiting the number of options available for the 
comparison of these data with those from Plaisance. The two gauges were compared on a 
monthly basis, with two measures used; (1) probability of rainfall (≥1 mm) on days with data 
available, and (2) mean rainfall (mm) on raindays (≥1 mm). This was carried out using all 
days for which data were available from each station. Kendall’s tau was used for comparisons 
of monthly data at the two stations. This process was carried out to assess the strength of the 
correlation between the two rain gauges, although this does not examine the occurrence of 
extremes at the two locations. Throughout this study, a rainday is defined as a day on which 
at least 1 mm on rain was recorded. This threshold is widely used in meteorological research 
and accounts for the possibility of condensation in rain gauges and difficulty in measuring 
rain amounts of less than 1 mm, which are sometimes not reported (Zhang et al., 2011). 
 
3.3.5 Data quality control 
Artificial inhomogeneities in weather data time series can result from changes in equipment, 
methodology and personnel over time (WMO, 2003). Homogeneity tests typically include the 
comparison of data from one weather station with those from a group of neighbouring 
stations. In this study, data are only available from a limited number of stations, making 
comparisons difficult and potentially unreliable; therefore homogeneity was tested for each 
station independently using break point tests. These were carried out on rainfall and 
temperature time series data using package ‘iki.dataclim’ (Orlowsky, 2015) in the R statistical 
environment (version 3.4.4, R Core Team, 2018). Four tests were applied as described in the 
Algorithm Theoretical Basis Document of the European Climate Assessment and Dataset 
project (ECAD and KNMI, 2013): the Standard Normal Homogeneity test, the Buishand Range 
test, the Pettitt test and the Von Neumann Ratio test. These tests were applied to annual total 
rainfall at Mt Camizard, Plaisance and Vacoas, and annual mean daily maximum temperature 
at Plaisance and Vacoas (based on 12-month periods running from June to May; see section 
3.3.6 for details), for runs of at least 20 consecutive years without missing annual values 
(where >36 days missing in a year). The Plaisance temperature data show a significant break 
point in 1975-1976 or 1985 (see Appendix Table A3.1). Following a conservative approach to 
inhomogeneity adjustments, and owing to substantial challenges in the adjustment of daily 
data (WMO, 2003), no changes were carried out on the basis of the test results. These 
homogeneity tests could not be applied to rainfall data from Petrin owing to the number of 
missing values, and it is recognised that artificial inhomogeneities could exist in these data. 
 
The reliability of rainfall data is also affected by outliers, which may be erroneous and are 
sometimes removed or adjusted before other analyses are carried out (e.g. Zhang et al., 
2005a; Vincent et al., 2011). However, this study is concerned with extreme values, thus the 
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removal or adjustment of outliers could affect the utility of the data for this purpose. Indices 
for extremes have been selected that reduce the influence of absolute values where extremes 
occur. Consecutive repeat values in rain gauge data are problematic, as they are unlikely to 
occur naturally and are often due to human error or data processing errors (e.g. Durre et al., 
2010; Funk et al., 2015). These data were detected using a bespoke function in the R 
statistical environment that flagged repeat values on consecutive raindays (≥1 mm), but not 
when rainfall was 0.1-0.9 mm, as consecutive repeats are common near zero (Nie et al., 
2012). The repeated values were subsequently treated as missing data (following Gallego et 
al., 2011). Day-to-day temperature variation is often limited on tropical islands (Zhang et al., 
2011) so the threshold for suspect runs of consecutive repeat values was set at 10 days. None 
of the temperature data were flagged as a result of this check. All meteorological indices were 
only calculated for time periods with values missing on no more than 10% of days (i.e., 
months with values missing on no more than 3 days, and quarters with values missing on no 
more than 9 days). 
 
3.3.6 Time windows for climate indices 
Peak breeding activity in most of the relevant study species is known to be not completely 
coincident with peaks in annual rainfall, and some populations, such as the Mauritius fody 
population on IAA, show almost year-round breeding, thus meteorological indices in this 
study are calculated on a quarterly basis to capture important times of year for all of the 
study species, as well as following fairly well-defined periods of seasonal precipitation 
changes. Indices are computed for September-November (spring; hereafter SON), which is 
the peak nesting phase for Mauritius kestrels and echo parakeets and the late dry season, 
December-February (summer; hereafter DJF), which is the peak fledging phase in kestrels 
and parakeets and the early rainy and cyclone season, March-May (autumn; hereafter MAM), 
which is the post-fledging period in kestrels and parakeets and the late rainy and cyclone 
season, and June-August (winter; hereafter JJA), which is the pre-nesting period in kestrels 
and parakeets and the early dry season. For these analyses, the annual climate and ecological 
cycle is defined as June to May, which captures important seasons, including the dry season 
(generally JJASON), kestrel and parakeet breeding seasons (SONDJF) and rainy and cyclone 
season (generally DJFMAM). The start and end of the year is thus defined around the 
transition of the rainy season into the dry season during the austral autumn and winter. The 
use of standardised time periods for the calculation of indices allows the inter-comparison of 
temporal trends at different sites and between this study and other meteorological research, 
and the choice of quarterly rather than monthly time frames increases the number of extreme 
events that are captured by the time windows. 
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3.3.7 Reference period for climate indices 
The components of climate indices, such as quantile thresholds and averages, may be derived 
from an entire time series of data, perhaps spanning many decades, potentially maximising 
the reliability of those values. However, there is evidence that the current climate is 
nonstationary, probably owing to anthropogenic influences (e.g. IPCC 2014), thus a data 
series of many decades may be influenced by the climate change signal (Russo et al., 2013). 
Furthermore, datasets may differ in length and thus exhibit different amounts of influence 
from climate change, making inter-comparisons difficult when utilising all data from each 
time series.  
 
The use of a standard reference period or base period is often employed in meteorology to 
derive climatological normals (WMO, 2007). A reference or base period of at least 30 years is 
usually recommended, especially for rainfall data (WMO, 2007), as this is thought to provide 
reliable estimates of quantile thresholds and monthly averages (Guttman, 1994; WMO, 2007). 
The previous recommended base period for climatological normals was 1961-1990, which 
has since been replaced with a new recommended base period of 1981-2010 (Baddour, 
2011). However, data are not available for these recommended base periods for all of the 
locations of interest in this study, with the precipitation data from Petrin covering fewer than 
30 years. Reference periods shorter than 30 years, and as short as 10 years, have been shown 
to produce representative averages and probability distributions in meteorological datasets 
(WMO, 2007). Therefore, a 25-year reference period of 1990/1991-2014/2015 (based on a 
year running from June to May) is used in this study, as data are available for this period from 
all of the study locations, and these years correspond to the period for which appropriate 
ecological data are available for the focal species studied in later chapters. This period 
therefore represents the extreme weather regime that the focal species were exposed to 
when the ecological data used in this study were collected. This reference period includes a 
strong El Niño event in 1997-1998 which may affect the values derived; however, the actual 
weather and climate regime experienced by the focal species is of interest here, thus data 
from these years are not removed and the influence of El Niño is not controlled-for when 
using this reference period. 
 
3.3.8 Selection of meteorological indices 
The analysis of weather and climate extremes has received substantial attention among 
meteorological researchers, primarily because of impacts on human society, and as a 
consequence a wide range of indices exist. To address the issue of inconsistency in the use of 
indices and methods in meteorological research, and to provide better input to the IPCC 
Fourth Assessment Report (IPCC, 2007), the joint WMO CCI/CLIVAR Expert Team on Climate 
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Change Detection, Monitoring and Indices (ETCCDMI) coordinated the development of a suite 
of indices for climate extremes (Easterling et al., 2003; Zhang et al., 2005a). The ETCCDMI 
recommended a total of 27 core indices with the primary focus on extremes to be derived 
from daily data from weather stations. These indices can be computed using a package in the 
R statistical environment, developed at the Climate Research Branch of the Meteorological 
Services of Canada on behalf of the ETCCDMI. 
 
Many of the indices used in the present study are based on and adapted from the ETCCDMI 
indices, hereafter referred to as the Climdex indices (www.climdex.org). A selection of 
meteorological indices that were considered for use in this study and not chosen are shown 
in Table A3.2 (see Appendix). As well as a selection of indices for extreme meteorological 
events, general indices for total and average precipitation and average temperature are also 
derived from the datasets in this study (Table 3.2). This allows the comparison of ecological 
impacts from extreme events and overall conditions. Evidence already exists that indicates 
that breeding phenology, breeding productivity and juvenile survival in the Mauritius kestrel 
are influenced by total rainfall and the number of raindays in some months of the year (Nicoll 
et al., 2003; Nicoll, 2004; Senapathi, 2009; Senapathi et al., 2011). Hydroclimatic Intensity 
(HY-INT; Giorgi et al., 2011; Giorgi et al., 2014) is an index that incorporates mean daily 
rainfall intensity and mean dry spell duration to provide a characterisation of the climate 
context in which extreme events occur. For HY-INT, mean dry spell length was calculated 
using a bespoke function in the R statistical environment. This was carried out with all 
missing rainfall values coded as raindays and then coded as dry days, with the mean of these 
outputs for each season being used for the index calculation. 
 
 
  
 
Table 3.1. Meteorological datasets used in this study on ecological impacts in Mauritius. 
Weather 
attribute 
Type of data Location Data source or 
inventory* 
Time period with 
applicable data, 
based on 
complete seasons 
Percentage 
of days 
with 
missing 
data** 
Percentage of 
days in 
1990/1991-
2014/2015 with 
missing data** 
Precipitation Daily rainfall 
totals from rain 
gauge 
measurements 
Mt Camizard (20°20’S, 
57°42’E, 21 m asl) 
Ferney Sugar Estate 03/1962 – 
02/2016 
1.51 1.45 
Petrin (20°24’S, 57°28’E, 
655 m asl) 
MMS 03/1987 – 
11/2015 
4.22 4.42 
Plaisance Synoptic 
Station (20°26’S, 
57°41’E, 50 m asl) 
Combined time series 
from GHCN-Daily and 
GSOD (1951 – 2015) and 
MMS (1992 – 2015) 
03/1951 – 
11/2015 
0.66 0.96 
Vacoas Synoptic Station 
(20°17’S, 57°29’E, 424 m 
asl) 
Combined time series 
from GHCN-Daily and 
GSOD 
03/1961 – 
11/2015 
4.17 8.64 
 
 
 
 
6
8
 
  
 
 
Table 3.1 continued: 
Weather 
attribute 
Type of data Location Data source or 
inventory* 
Time period with 
applicable data, 
based on complete 
seasons 
Percentage 
of days 
with 
missing 
data** 
Percentage of 
days in 
1990/1991-
2014/2015 with 
missing data** 
Surface air 
temperature 
Thermometer 
readings of daily 
minimum and 
maximum air 
temperature 
Plaisance Synoptic 
Station (20°26’S, 
57°41’E, 50 m asl) 
Combined time series from 
GHCN-Daily and GSOD 
03/1951 – 11/2015 0.01 0.00 
 
 
 
 
Vacoas Synoptic 
Station (20°17’S, 
57°29’E, 424 m asl) 
Combined time series from 
GHCN-Daily and GSOD 
03/1961 – 11/2015 1.86 4.05 
Tropical 
cyclones  
Tracks and 
intensities derived 
from satellite data 
Global and South 
Indian Ocean basin 
IBTrACS v03r10 12/1980 – 05/2015 NA NA 
*Data sources and inventories: GHCN = Global Historical Climatology Network, available via NOAA (www.ncdc.noaa.gov); GSOD = Global Summary 
of the Day, available via NOAA (www.ncdc.noaa.gov); IBTrACS = International Best Track Archive for Climate Stewardship, available via NOAA 
(www.ncdc.noaa.gov/ibtracs); MMS = Mauritius Meteorological Services.  
**Following quality control processes (see main text).
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Figure 3.2. Boxplot of accumulated monthly rainfall on raindays (≥1 mm) at Mt Camizard, 
Mauritius, using data from June 1990 to May 2015. Horizontal bars represent median 
values. Boxes show interquartile range. The ‘whiskers’ show 1.5-3 times the interquartile 
range of outliers; data points show remaining outliers. 
 
 
 
 
Figure 3.3. Boxplot of accumulated monthly rainfall on raindays (≥1 mm) at Petrin, 
Mauritius, using data from June 1990 to May 2015. Horizontal bars represent median 
values. Boxes show interquartile range. The ‘whiskers’ show 1.5-3 times the 
interquartile range of outliers; data points show remaining outliers. 
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Figure 3.4. Boxplot of accumulated monthly rainfall on raindays (≥1 mm) at Plaisance, 
Mauritius, using data from June 1990 to May 2015. Horizontal bars represent median 
values. Boxes show interquartile range. The ‘whiskers’ show 1.5-3 times the interquartile 
range of outliers; data points show remaining outliers. 
 
 
 
 
Figure 3.5. Monthly means of daily maximum temperature (Tmax, °C) at Plaisance, 
Mauritius, using data from June 1990 to May 2015. Error bars show ±1SD. 
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Figure 3.6. Monthly means of daily maximum temperature (Tmax, °C) at Vacoas, Mauritius, 
using data from June 1990 to May 2015. Error bars show ±1SD. 
 
 
 
 
 
In calculating temperature indices, it is noted that the synoptic station at Vacoas is 231 m 
lower in elevation than the weather station at Petrin. The environmental lapse rate of 
6.5°C/1000 m implies that temperatures at Petrin are ~1.5°C cooler than at Vacoas, although 
in reality this will be highly variable and affected by other factors such as differences in local 
humidity and wind speed. Because of this uncertainty, temperature indices calculated for 
Vacoas are not altered when relating them to populations in the BRGNP. The synoptic station 
at Plaisance is at 50 m asl, compared with 21 m asl for the Mt Camizard rain gauge, thus 
temperature indices calculated for Plaisance are not adjusted when relating them to 
populations in the Bambous Mountains. However, differences in humidity and wind patterns 
between the two locations will result in temperature differences. 
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Table 3.2. General climate indices chosen for use in this study. 
Climate attribute Index Description Units 
Precipitation Rainfall Total daily rainfall on raindays (≥1 
mm). 
mm 
Raindays Total number of days on which ≥1 
mm of rain was recorded. 
days 
SDII Simple Daily Intensity Index: Average 
daily rainfall on raindays (≥1 mm). 
mm 
HY-INT Hydroclimatic Intensity: The product 
of the normalised SDII and 
normalised average dry spell length 
(Giorgi et al. 2011, 2014). 
Normalisations are carried out using 
averages from the standard reference 
period of 1990/1991-2014/2015. 
NA 
Temperature Mean Tmax Average daily maximum 
temperature. 
°C 
 
 
 
Thresholds for extreme rainfall in ecological studies may be set arbitrarily or based on prior 
knowledge of impacts. However, little relevant information is available for the focal 
populations in the present study. Regarding the Mauritius kestrel, limited information is 
available for some other raptor species. Breeding success by peregrine falcons (Falco 
peregrinus) in Canada was found to be impacted by heavy rainstorms, which were defined as 
rainfall of at least 8 mm day-1 (Anctil et al., 2014), with another study in the same area 
showing an impact on chick mortality from rainfall amounts during periods of at least three 
consecutive days of rain (Bradley et al., 1997). However, depending on the local climate 
context, such thresholds may not prove to be statistically extreme, and impacts may be 
substantial at the individual nest level but not necessarily at the population level. Owing to 
the limited information available on the focal populations and similar species, and the 
objective of this study to test the impacts of events that can be considered extreme, the 
indices for precipitation extremes used in the present study are based on quantiles, which 
provide a more objective characterisation of extreme events (Table 3.3). Extreme weather 
and climate events are a natural part of the climate system, but true extremes are rare events 
(Easterling et al., 2016). Because of this rarity researchers often relax the definition of 
extremes to increase the number of observations that can be used in a statistical analysis 
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(Easterling et al., 2016). The thresholds for extreme daily precipitation events in the present 
study are chosen as the 90th and 95th percentiles. The Intergovernmental Panel on Climate 
Change (IPCC) defines extreme events as those that are normally as rare or rarer than the 
10th or 90th percentile of values in the probability density function (e.g. IPCC, 2014). Many of 
the events that exceed these thresholds are not truly extreme (Easterling et al., 2016), or may 
be classed as ‘moderate extremes’ (Klein Tank et al., 2009); however, their inclusion 
generally makes analyses more statistically robust (Alexander, 2016). This approach is also 
based on the assumption that a given species is adapted to the contemporary climate within 
its geographic range, thus changes in the frequency or temporal distribution of rare events 
would be expected to affect the fitness of individuals in that species’ population. 
 
In this study, quantile thresholds are calculated empirically using all raindays at each site 
during the standard reference period (1990/1991-2014/2015), either for each season 
separately or for all seasons amalgamated. Two of the extreme rain indices (Raindays90 and 
Raindays95) are based on seasonal percentiles because overall rainfall and extreme 
thresholds vary between seasons and the focal populations are at different stages in their 
annual cycles in each season. However, the influence of these indices cannot be compared 
between seasons, thus another index (Rainfall90) is calculated as the total rainfall on days 
over the 90th percentile threshold for all seasons combined. Many of the indices in the 
present study were calculated in the R statistical environment with the aid of package 
‘climdex.pcic’ (Bronaugh, 2015).  
 
The use of a reference period taken from a longer time series to calculate percentiles can 
create biases when analysing trends in exceedance indices over the entire time series (Zhang 
et al., 2005b). This occurs because a given percentile threshold calculated from a sample of 
days within the reference period will not be exactly the same as in years immediately outside 
the reference period. This can result in an artificial jump in exceedances between in-
reference and out-of-reference years, generally because of a positive bias in exceedances in 
years outside the reference period (Zhang et al., 2005b). In the present study, the potential 
for such biases is reduced by calculating percentile thresholds for quarters over a 25-year 
reference period, thus sampling data from up to 2275 days for each quarterly percentile 
index. No other techniques are used to reduce these biases. 
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Table 3.3. Indices for extreme rainfall chosen for use in this study.  
Index Description Units 
Raindays90 Total number of days exceeding the seasonal 90th 
percentile threshold of raindays (in each season). 
Percentile thresholds are calculated empirically using all 
raindays (≥1 mm) for a given season during the standard 
reference period of 1990/1991-2014/2015. 
days 
Raindays95 Total number of days exceeding the seasonal 95th 
percentile threshold of raindays (in each season). 
Percentile thresholds are calculated empirically using all 
raindays (≥1 mm) for a given season during the standard 
reference period of 1990/1991-2014/2015. 
days 
Max Rain Spell Maximum number of consecutive days when ≥1 mm of 
rainfall was recorded. Spells cannot cross into adjacent 
seasons. 
days 
Rainfall90 Total accumulated rainfall (mm) on raindays exceeding 
the overall 90th percentile of all raindays (in all seasons). 
Percentile thresholds are calculated empirically using all 
raindays (≥1 mm) during the standard reference period 
of 1990/1991-2014/2015. 
mm 
 
 
Droughts are the costliest form of natural disaster, causing billions of dollars (US$) of 
damages each year globally and affect more people than any other type of natural disaster 
(Wilhite, 2000). Considerable effort has therefore been invested in the monitoring, 
measurement and prediction of drought. However, the study of drought has long suffered 
from the lack of an adequate and consistent definition (Heim, 2002). The development of 
drought indices has evolved during the last two centuries, from basic approaches that use 
measures of rainfall deficiency to more complex models (Heim, 2002). More than 100 
drought indices have so far been proposed (Zargar et al., 2011), characterising different 
aspects and types of droughts. 
 
Physical droughts can be defined as meteorological, hydrological or agricultural, based on 
precipitation, water supply sources and soil moisture for plant growth respectively (reviewed 
by Keyantash and Dracup, 2002). Among the most widely used indices is the Palmer Drought 
Severity Index (PDSI) (Palmer, 1965) and modified versions (reviewed by Hayes et al., 1999), 
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which requires data on precipitation, temperature and local soil moisture conditions, and is 
based on the supply and demand concept of the water balance equation (Hayes et al., 1999). 
 
In the early 1990s, the Standardised Precipitation Index (SPI) (McKee et al., 1993; McKee et 
al., 1995) was designed as a relatively simple, year-round index applicable to water supply 
conditions (Hayes et al., 1999). This index has become one of the most widely-used globally 
and is accompanied by a substantial literature base (see WMO, 2012 for overview). Its main 
strengths are that it can be calculated for a variety of timescales and it requires only 
precipitation data. In the calculation of SPI, the probability distribution of precipitation data 
is determined from the long-term record by fitting a function to the data (Hayes et al., 1999). 
The cumulative distribution is then transformed using equal probability to a normal 
distribution with a mean of zero and standard deviation of one (Edwards and McKee, 1997). 
A particular precipitation total for a specified time period is then identified with a particular 
SPI value consistent with probability (Hayes et al., 1999). SPI has also been adapted to 
incorporate evapotranspiration by utilising local temperature data (Standardised 
Precipitation and Evapotranspiration Index: SPEI; Vicente-Serrano et al., 2010). 
 
Established drought indices designed to measure impacts relevant to human society, such as 
PDSI and SPI, have also been used to study impacts on ecosystems and wild populations (e.g. 
Albright et al., 2010; Duncan et al., 2012; Reichert et al., 2012; Cruz-McDonnell and Wolf, 
2016; Ross et al., 2016). In the present study, the choice of which drought index to apply is 
influenced mainly by data availability. Soil moisture data are not available and temperature 
data are limited and not available for all study sites. As precipitation data are the only 
relevant data that are available for all study areas, SPI is chosen as the index to be applied to 
the study areas in Mauritius (Table 3.4).  
 
It is advised that SPI be applied to at least 20-30 years of continuous precipitation data 
(WMO, 2012), in order to capture representative monthly means and the probability 
distribution of precipitation. However, it is more widely recommended that at least 30 years 
of data be used (McKee et al., 1993; Hayes et al., 1999; WMO, 2012), with some researchers 
recommending the use of 50-60 years (or more) of data, owing to considerable natural 
variability in precipitation (Guttman, 1994; WMO, 2012). However, the use of more than 30 
years of data may fail to account for non-stationary climates, in which the climate change 
signal could be significant over such time periods (Russo et al., 2013).  
 
In the present study, not all precipitation datasets cover the commonly-used minimum of 30 
years, thus SPI at all sites is standardised by the 25-year reference period of 1990/1991-
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2014/2015, which corresponds to the period for which appropriate ecological data are 
available for the focal species. The use of the same reference period for all study sites also 
allows the comparison of index values between sites. The use of a reference period of fewer 
than 30 years is not unprecedented, and some studies have shown that SPI calculated using 
fewer than 30 years, and even fewer than 20 years, can produce useful results (Patel et al., 
2007; Naumann et al., 2012; Bowden et al., 2016; Kumar et al., 2016). However, it should be 
noted when interpreting the SPI values in this study that the statistical stability of the index 
could be influenced by the relatively short reference period used, thus the SPI values may 
have weaker confidence (WMO, 2012). SPI is calculated for 3-month and 6-month periods 
(Table 3.4) to test for trends in different drought durations, but not for longer time periods 
such as 12 months, as missing data start to increasingly limit the number of seasons for which 
the index can be reliably calculated. SPI was computed using package ‘SPEI’ (Beguería and 
Vicente-Serrano, 2015) in the R statistical environment. In addition to SPI, the maximum dry 
spell (consecutive days <1 mm rainfall) is also applied, as this widely used index may 
characterise conditions that are ecologically relevant. 
 
 
Table 3.4. Drought indices chosen for use in this study. 
Index Description Units 
SPI-3 Standardised Precipitation Index for 3-month periods: Monthly 
rainfall totals are fitted to a (Gamma) probability distribution, 
which is then transformed to a Gaussian distribution to 
produce an index centred on zero (WMO 2012). The standard 
reference period of 1990/1991-2014/2015 is used to produce 
the probability distribution, and SPI values are calculated on a 
quarterly basis. 
NA 
SPI-6 Standardised Precipitation Index for 6-month periods: Monthly 
rainfall totals are fitted to a (Gamma) probability distribution, 
which is then transformed to a Gaussian distribution to 
produce an index centred on zero (WMO 2012). The standard 
reference period of 1990/1991-2014/2015 is used to produce 
the probability distribution, and SPI values are calculated for 6-
month periods, i.e. the quarter being studied plus the preceding 
quarter. 
NA 
Max Dry Spell The maximum number of consecutive days on which <1 mm of 
rain was recorded. Spells cannot cross into adjacent seasons. 
days 
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Extreme temperature indices may be based on prior knowledge about impact thresholds 
where existing empirical research or observations provide relevant information. In an 
ecological context this involves threshold temperatures beyond which known fitness costs 
are incurred by the species of interest, an approach that has been applied to bird species in 
South Africa (Cunningham et al., 2013). Arbitrary thresholds, perhaps based in part on prior 
knowledge of the local climate, can also be tested against ecological data where sufficient 
temporal resolution is available, such as daily or near-daily nest survival data (Conrey et al., 
2016). Thresholds may also be based on studies of evaporative water loss and survival times, 
thermoregulatory capacity or heat stress (McKechnie and Wolf, 2010; Whitfield et al., 2015), 
although extreme temperature events that meet such thresholds will be most common in arid 
regions in the current climate, and ecological impacts are likely to start at lower thresholds. 
 
There is very little information available that is relevant to impact thresholds for the focal 
species in this study or for similar species, which must show taxonomic, morphological and 
environmental similarities. A study by Catry et al. (2011) suggests that the growth rate of 
lesser kestrel (Falco naumanni) chicks in southern Portugal declines above air temperatures 
of ~31°C. In this case, there is a taxonomic affinity with the Mauritius kestrel, and mean 
maximum air temperatures at the study site in southern Portugal during the lesser kestrel 
nesting phase (26-34°C) are comparable to those on the southeast coast of Mauritius during 
the Mauritius kestrel breeding season. However, without more evidence of temperature 
thresholds in similar species it may be more appropriate to test for the impact of statistically 
rare events.  
 
In the present study, the 10th and 90th percentiles are used as thresholds for cold days and 
hot days (Table 3.5) in order to increase statistical robustness in subsequent analyses, while 
recognising that not all values exceeding these thresholds are truly extreme (Klein Tank et al., 
2009; Alexander, 2016; Easterling et al., 2016). The approach of using quantiles also means 
that data can be used from weather stations that are some distance from the study 
populations in question or at different elevations. In the present study, temperature data are 
only available for the synoptic stations at Plaisance and Vacoas, c.5-12 km away from the 
focal populations, thus the number of relatively hot or cold days experienced by the study 
species can be estimated by calculating the number of relatively hot or cold days at the 
nearest synoptic station. 
 
The method of deriving extreme temperature indices depends on the intended application. 
Many temperature percentile indices are computed using moving windows to account for the 
mean annual temperature cycle, thus identifying extremes relative to each calendar day; 
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however, percentile indices based on aggregated annual or seasonal data may be more 
suitable for some impact studies (Zhang et al., 2011). In this study, temperature percentiles 
are calculated from aggregated seasonal data to identify the overall hottest 10% and coldest 
10% of temperatures recorded in those seasons. The moving window approach is considered 
to be less relevant, as a hot day relative to variability in early spring may not have the same 
impact as a hot day relative to variability in late spring, when average conditions are warmer. 
It should be noted that biases can arise from the calculation of temperature exceedance 
indices where the data are of low precision and there is limited day-to-day variation in 
temperature, as on tropical islands (Zhang et al., 2011). In this study, the precision of the 
temperature data was 0.1°C, as recommended by the WMO, and no further adjustments were 
made to reduce the potential for such bias. Temperature indices were computed with the aid 
of package ‘climdex.pcic’ in the R statistical environment. 
 
It should be noted that in this study extreme indices are not computed from daily minimum 
temperature (Tmin) from the GSOD data, as GSOD data from Mauritius are reported at 
approximately 04:00 MUT and daily temperature minima can potentially occur within a few 
hours before and after this time, meaning that the number of cold nights cannot be reliably 
identified using these data. 
 
 
Table 3.5. Indices for temperature extremes chosen for use in this study. 
Index Description Units 
Tmax90 Days Total number of days on which daily maximum temperature 
exceeded the 90th percentile. Percentile thresholds are 
calculated using aggregated seasonal data from the standard 
reference period of 1990/1991-2014/2015. 
days 
Tmax10 Days Total number of days on which daily maximum temperature 
was below the 10th percentile. Percentile thresholds are 
calculated using aggregated seasonal data from the standard 
reference period of 1990/1991-2014/2015. 
days 
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Tropical cyclones can have disastrous impacts on human society, thus numerous 
categorisation schemes and indices have been developed to characterise annual and seasonal 
cyclone activity and the potential for societal impacts. Sustained wind speed and gusts can be 
estimated for a given location relative to a given tropical cyclone by use of equations for the 
radial wind profile of cyclones (e.g. Holland, 1980; Holland et al., 2010). However, such 
modelling requires an estimate for the radius of maximum winds, which is often missing in 
cyclone data.  
 
Basin-wide indices that quantify annual cyclone activity include Accumulated Cyclone Energy 
(ACE; Bell et al., 2000), based on the maximum sustained wind speed squared, and Power 
Dissipation Index (PDI; Emanuel, 2005), based on the maximum sustained wind speed cubed. 
PDI is thought to be more relevant to the destructive potential of cyclones because it scales 
closely with economic losses (Emanuel, 2005). A storm activity index (SAI), such as ACE or 
PDI, can be written in a general form (following Wu et al., 2008): 
 
SAI= ∑∑Vmax
n
t
0
N
0
 
 
where Vmax is the maximum sustained wind speed of the tropical cyclone and n is an integer. 
When n = 2 the SAI becomes ACE and when n = 3 the SAI becomes PDI. The two ∑ denote the 
summations over the lifetime (t) of each tropical cyclone at 6-h increments and for all tropical 
cyclones (N) that occur in the time period and spatial extent of interest. 
 
In this study, indices for cyclone activity in and around Mauritius are calculated from data in 
the IBTrACS database (r03v10) (following Nicoll et al., 2017; Table 3.6). This approach 
provides more detail than simply counting days on which cyclones affect Mauritius. 
Maximum sustained wind speed estimates from the World Meteorological Organization 
(WMO) centre in Reunion were converted from 10-minute to 1-minute sustained winds by 
dividing the values by a factor of 0.93 (Harper et al., 2008). Estimates of maximum 1-minute 
sustained wind speeds from Reunion and the Joint Typhoon Warning Center (JTWC) were 
then combined, with mean values calculated for storms where both centres provided 
estimates. All cyclones of at least tropical storm strength (maximum 1-minute sustained 
winds of at least 34 knots) and within 300 km of the weather stations at Mt Camizard, Petrin 
and Plaisance were selected. Previous research and anecdotal observations, including from 
Mauritius, indicate that cyclone winds and rain regularly impact areas within 275-300 km 
(~150 nm) of the storm centre (Cheke, 1987; Shepherd et al., 2007; Neerunjun, 2015; Nicoll 
et al., 2017). Tropical storms are included to increase the number of events in subsequent 
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analyses, while recognising that these will not necessarily equate to true extremes. This 
spatial analysis was carried out in QGIS (version 2.18.20). Weather stations were used as the 
centre of these buffer areas, as the indices are also used to calculate cyclonic rainfall from 
rain gauge data at these locations. Maximum sustained wind estimates for these storms were 
then squared for ACE and cubed for PDI and summed for each season. Only cyclone seasons 
from March 1980 onwards are considered in this analysis owing to the lack of wind speed 
data for many cyclones in the 1970s and earlier. The number of Cyclone Days is also derived 
from this analysis and Cyclone Rainfall is derived from data on Cyclone Days and daily rainfall 
(Table 3.6). It should be noted that many tropical depressions are missing from the best track 
data, thus these systems are not considered in this study. 
 
Table 3.6. Tropical cyclone indices chosen for use in this study. 
Index Description Units 
Cyclone Days The total number of days on which the centre of at least one 
cyclone of tropical storm strength or higher (at least 34 
knots) was located within 300 km of the study locations. 
days 
ACE 300km Maximum sustained wind speed squared and summed for 
all cyclones of at least tropical storm strength (at least 34 
knots) whose centre was located within 300 km of the study 
locations. The resulting values are divided by 1,000 to 
produce a more manageable scale. 
1×103 
kts2 
PDI 300km Maximum sustained wind speed cubed and summed for all 
cyclones of at least tropical storm strength (at least 34 
knots) whose centre was located within 300 km of the study 
locations. The resulting values are divided by 10,000 to 
produce a more manageable scale. 
1×104 
kts3 
Cyclone 
Rainfall 
Total accumulated rainfall (mm) on days when the centre of 
at least one cyclone of tropical storm strength or higher (at 
least 34 knots) was located within 300 km of the study 
locations. 
mm 
 
 
3.3.9 Trend analysis for climate indices 
Trends for indices at each study location were analysed using the Mann-Kendall correlation 
test (Mann, 1945), which incorporates Kendall’s rank correlation tau (Kendall, 1938). This 
method and similar approaches using Kendall’s tau are commonly applied to climate indices 
(Easterling et al., 2016), including the Climdex indices (Zhang et al., 2005a; Pal and Al-
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Tabbaa, 2009; Vincent et al., 2011; Sheikh et al., 2015), other temperature indices (Ceccherini 
et al., 2015), drought indices including SPI (Mallya et al., 2016), and cyclone indices such as 
PDI (Wu et al., 2008). This nonparametric test was used because it does not assume that the 
data follow a particular probability distribution and it is robust to missing data and the effect 
of outliers (Zhang et al., 2005a; Pal and Al-Tabbaa, 2009; Vincent et al., 2011; Ceccherini et al., 
2015). The Mann-Kendall test assumes that variables are independent; however, climate 
indices from adjacent time periods can show auto-correlation. In this study, trends for indices 
in adjacent seasons are not analysed. ‘Pre-whitening’ was not carried out, as the sample sizes 
of most time series in this analysis are >50 years, and pre-whitening can reduce the detection 
of real trends in some cases (Yue and Wang, 2002). The test was applied using package 
‘Kendall’ (McLeod, 2011) in the R statistical environment. Trends are considered statistically 
significant where P < 0.05. 
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3.4 Results 
3.4.1 Identification of proxy data 
The two monthly measures of rainfall (probability of rainfall (≥1 mm) and mean rainfall 
(mm) on raindays (≥1 mm)) at IAA and Plaisance are positively correlated between the two 
stations (Figures 3.7 and 3.8), although Plaisance appears to be drier overall. The probability 
of a rainday is strongly correlated between the two sites (Kendall’s tau = 0.592, P < 0.0001, N 
= 28), as is mean rainfall on raindays (Kendall’s tau = 0.698, P < 0.0001, N = 28).  
 
Any correlation between monthly rainfall indices from the two stations could simply be a 
result of both sites experiencing the same annual precipitation cycle and thus the same rainy 
and dry seasons. This would be expected given the proximity of the two weather stations. 
However, the strength of the correlations shown here suggests that the sites not only show 
the same rainfall seasonality, but also show similarities at finer temporal scales.  
 
Ideally, correlations between the two stations would be tested for each season separately, but 
this is precluded by the limited availability of data for IAA, which cover only 28 months. 
Following this analysis, the combined data from Plaisance are judged to be an adequate proxy 
for rainfall on IAA and are used as such hereafter. It should be noted, however, that the 
analysis presented here is limited by the short time period for which data from IAA are 
available and may be biased due to the number of days with data missing for IAA. 
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Figure 3.7. Rainday (≥1 mm) probability by month, at Ile aux Aigrettes (IAA) and Plaisance, 
southeastern Mauritius, using rain gauge data collected from January 2013 until April 2015 
inclusive. Trend line fitted using least squares regression (b=0.699, R2=0.574, N=28). 
 
 
 
Figure 3.8. Mean daily rainfall (Standard Daily Intensity Index: SDII) (mm) on raindays (≥1 
mm) averaged by month at Ile aux Aigrettes (IAA) and Plaisance, southeastern Mauritius, 
using rain gauge data collected from January 2013 until April 2015 inclusive. Trend line 
fitted using least squares regression (b=0.568, R2=0.741, N=28). 
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3.4.2 Trends in precipitation and drought indices 
Trend analysis indicates overall increases in precipitation at Mt Camizard (Table 3.7), with 
significant positive trends in Rainfall and Raindays in all seasons. Increases have also 
occurred in the numbers of extreme rainfall events at Mt Camizard, with significant positive 
trends in Raindays90 in JJA, SON and DJF, and Raindays95 in SON (Figure 3.9). These patterns 
are accompanied by significant increases in the duration of Max Rain Spells in all seasons, and 
significant decreases in the duration of Max Dry Spells in JJA and DJF. Significant positive 
trends in SPI in all seasons (Table 3.7; see Figure 3.10) imply a long term decrease in the 
occurrence of drought conditions and increase in the frequency of very rainy seasons.  
 
In contrast to signs of increasing rainfall at Mt Camizard, there are signs of decreases in 
rainfall at Plaisance (Table 3.8), including significant negative trends in Rainfall and Raindays 
in JJA and a significant negative trend in Raindays in MAM. There is also a significant negative 
trend in SPI-3 and SPI-6 in JJA (Table 3.8; Figure 3.11), suggesting that drought conditions in 
the dry season have become more likely at Plaisance. 
 
The method used to combine different daily rainfall inventories for Plaisance could cause 
biases in climate indices, so an alternative method was employed in which the MMS inventory 
was used for all data from 1 January 1992 and the GHCN/GSOD inventory was used for all 
data prior to this date. The trend analyses for indices derived from this alternative method 
(Table A3.3) give similar results to those from the original method, with stronger negative 
trends in JJA and MAM rainfall indices. This suggests that the original method for combining 
the inventories is relatively conservative regarding the biases that are incorporated. As with 
the original method, all homogeneity tests for the annual rainfall data using the alternative 
method are non-significant, implying that both methods for combining the inventories avoid 
creating inhomogeneties.  
 
There are few significant trends in the precipitation and drought indices at Petrin (Table 3.9), 
perhaps owing in part to the relatively short time span for which data are available; however, 
there are significant decreases in Raindays in SON and MAM. SON also shows a significant 
increase in HY-INT and significant decrease in Max Rain Spell. Long-term trends at Vacoas 
indicate decreasing rainfall, especially in JJA (Table 3.10). 
 
The analysis of correlations between climate indices for each location and season (Tables 
A3.4-A3.19) show that in all seasons at all locations Rainfall is more strongly correlated with 
SDII than with Raindays, indicating that changes in total seasonal rainfall are driven by 
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changes in daily average rainfall intensity more so than by changes in the frequency of 
rainfall.  
 
 
 
Table 3.7. Trends (Kendall’s tau) and 2-tailed significance levels for rainfall and drought 
indices at Mt Camizard, 1962-2015, based on Mann-Kendall tests. *P < 0.05, **P < 0.01. 
Index JJA SON DJF MAM 
Rainfall 0.292** 0.219* 0.230* 0.222* 
Raindays 0.478** 0.277** 0.402** 0.283** 
SDII 0.080 0.019 0.125 0.069 
HY-INT -0.105 -0.089 -0.027 0.040 
Max Rain Spell 0.278** 0.241* 0.197* 0.275** 
Raindays90 0.278** 0.220* 0.270** 0.082 
Raindays95 0.190 0.210* 0.187 0.075 
Rainfall90 0.165 0.169 0.245** 0.150 
SPI-3 0.302** 0.221* 0.225** 0.198* 
SPI-6 0.283** 0.345** 0.258** 0.297** 
Max Dry Spell -0.252* -0.133 -0.256** -0.063 
 
  
 87 
 
 
 
Figure 3.9. Trend in number of raindays exceeding the seasonal 95th percentile threshold 
(Raindays95) in SON at Mt Camizard, Mauritius. The shaded area shows the reference 
period from which percentile thresholds are calculated and the time span for which 
ecological data are available. 
 
 
 
Table 3.8. Trends (Kendall’s tau) and 2-tailed significance levels for rainfall and drought 
indices at Plaisance, 1951-2015, based on Mann-Kendall tests. *P < 0.05, **P < 0.01. 
Index JJA SON DJF MAM 
Rainfall -0.189* -0.077 0.074 -0.135 
Raindays -0.185* -0.032 -0.034 -0.295** 
SDII -0.144 -0.068 0.072 -0.052 
HY-INT -0.107 -0.025 0.144 0.075 
Max Rain Spell -0.223* 0.031 0.150 -0.040 
Raindays90 -0.225* -0.095 0.112 -0.194* 
Raindays95 -0.059 -0.012 0.068 -0.160 
Rainfall90 -0.054 -0.055 0.115 -0.083 
SPI-3 -0.189* -0.076 0.074 -0.138 
SPI-6 -0.176* -0.159 0.073 -0.070 
Max Dry Spell 0.069 -0.072 0.149 0.126 
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Figure 3.10. Three-month Standardised Precipitation Index (SPI-3) for June-August (JJA) at 
Mt Camizard, Mauritius. The shaded area shows the reference period with which the index 
was standardised and also the time span within which ecological data are available. Values 
below -1 are deemed to indicate drought conditions (McKee et al., 1993). 
 
 
 
Figure 3.11. Three-month Standardised Precipitation Index (SPI-3) for June-August (JJA) at 
Plaisance, Mauritius. The shaded area shows the reference period with which the index 
was standardised and also the time span within which ecological data are available. Values 
below -1 are deemed to indicate drought conditions (McKee et al., 1993). 
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Table 3.9. Trends (Kendall’s tau) and 2-tailed significance levels for rainfall and drought 
indices at Petrin, 1987-2015, based on Mann-Kendall tests. *P < 0.05, **P < 0.01. 
Index JJA SON DJF MAM 
Rainfall 0.003 -0.071 -0.151 -0.175 
Raindays -0.147 -0.387** -0.154 -0.319* 
SDII 0.145 0.174 -0.046 -0.101 
HY-INT 0.140 0.348* 0.074 0.107 
Max Rain Spell -0.130 -0.311* -0.101 -0.251 
Raindays90 -0.047 0.000 0.013 -0.137 
Raindays95 -0.124 0.056 -0.162 0.003 
Rainfall90 -0.052 0.163 -0.169 -0.069 
SPI-3 0.003 -0.028 -0.151 -0.167 
SPI-6 -0.063 -0.104 -0.073 -0.210 
Max Dry Spell 0.147 0.211 0.153 0.153 
 
 
 
 
Table 3.10. Trends (Kendall’s tau) and 2-tailed significance levels for rainfall indices at 
Vacoas, 1961-2015, based on Mann-Kendall tests. *P < 0.05, **P < 0.01. 
Index JJA SON DJF MAM 
Rainfall -0.279** -0.082 -0.188 -0.047 
Raindays -0.328** -0.212* -0.193 -0.150 
SDII -0.182 -0.009 -0.121 0.032 
Max Rain Spell -0.244* -0.144 -0.076 -0.054 
Max Dry Spell 0.000 0.056 0.289** 0.121 
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3.4.3 Trends in temperature indices 
The trend analysis for temperature indices at Plaisance (Table 3.11) and Vacoas (Table 3.12) 
indicate overall increases in both Mean Tmax and Tmax90 Days, with decreases in Tmax10 
Days (see Figures 3.12 and 3.13). All seasons at both sites exhibit significant positive trends 
in Mean Tmax. Analysis of correlations between climate indices for each location and season 
(Tables A3.4-A3.19) indicate that the strength and sign of correlations between rainfall and 
temperature indices vary among stations and seasons, although this may only reflect 
differences between the weather stations and seasons in the direction of trends shown by 
rainfall indices. 
 
 
 
Table 3.11. Trends (Kendall’s tau) and 2-tailed significance levels for temperature indices at 
Plaisance, 1951-2015, based on Mann-Kendall tests *P < 0.05, **P < 0.01. 
Index JJA SON DJF MAM 
Mean Tmax 0.461** 0.479** 0.389** 0.441** 
Tmax90 Days 0.347** 0.274** 0.119 0.237** 
Tmax10 Days -0.445** -0.467** -0.417** -0.356** 
 
 
 
Table 3.12. Trends (Kendall’s tau) 2-tailed significance levels for temperature indices at 
Vacoas, 1961-2015, based on Mann-Kendall tests. *P < 0.05, **P < 0.01. 
Index JJA SON DJF MAM 
Mean Tmax 0.438** 0.372** 0.410** 0.273** 
Tmax90 Days 0.358** 0.374** 0.509** 0.163 
Tmax10 Days -0.413** -0.306** -0.309** -0.247* 
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Figure 3.12. Mean daily maximum temperature (Mean Tmax, °C) in December-February 
(DJF) at Plaisance (red data points) and Vacoas (blue data points), Mauritius. The shaded 
area shows the time span for which ecological data are available. 
 
 
 
Figure 3.13. Number of days below the 10th percentile (Tmax10 Days, blue data points) 
and exceeding the 90th percentile (Tmax90 Days, red data points) of daily maximum 
temperature in September-November (SON) at Plaisance, Mauritius. The shaded area 
shows the time span from which percentile thresholds were calculated and the period for 
which ecological data are available. 
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3.4.4 Trends in tropical cyclone indices 
There are no significant trends in the tropical cyclone indices, although all of the non-
significant trends are negative (Table 3.13). These data series exhibit strong decadal 
variability (Figure 3.14). However, this 35-year time span is a short period over which to 
analyse cyclone data, owing to the tendency for decadal variation. Most cyclone activity 
occurs in DJF, with DJF 2001-2002 showing particularly high activity (Figure 3.14). 
 
 
Table 3.13. Trends for tropical cyclone indices at Mt Camizard, Plaisance and Petrin, 
1980/1981-2014/2015, based on Mann-Kendall tests. 
 
 
 
 
 
 
 
 
 
 
 
Location Index DJF MAM 
Mt Camizard Cyclone Days -0.155 -0.061 
ACE 300km -0.196 -0.075 
PDI 300km -0.206 -0.065 
Cyclone Rainfall -0.189 -0.090 
Petrin Cyclone Days -0.146 -0.073 
ACE 300km -0.150 -0.075 
PDI 300km -0.157 -0.080 
Cyclone Rainfall -0.140 -0.221 
Plaisance Cyclone Days -0.114 -0.053 
ACE 300km -0.164 -0.058 
PDI 300km -0.164 -0.053 
Cyclone Rainfall -0.206 -0.074 
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Figure 3.14. Power Dissipation Index (1×104 kts3) for tropical storms and cyclones whose 
centre was located within 300 km of Mt Camizard, Mauritius, during December-February 
(DJF, red data points) and March-May (MAM, blue data points). The shaded area shows the 
time span for which ecological data are available. 
 
 
 
 
 
  
 94 
 
3.5 Discussion 
3.5.1 Trends in meteorological indices in Mauritius 
The assumption that this study is being conducted in the context of a nonstationary climate is 
supported by the trend analysis of temperature indices, although trends in precipitation 
indices vary by location and season. Long-term increases in precipitation indices in the 
Bambous Mountains (Mt Camizard) contrast to some extent with concomitant decreases in 
some seasons on the Central Plateau (Vacoas) and southeastern lowlands (Plaisance) since 
the mid-20th century. The patterns of decreasing precipitation at Plaisance and Vacoas, and 
to some extent at Petrin, correspond with longer-term trends found in previous analyses for 
the entire island. Comparisons of the normal rainfall distributions between 1931-1960 and 
1971-2000 and between 1951-1980 and 1981-2010 show a decline in the amount of rainfall, 
particularly on the Central Plateau (Republic of Mauritius, 2010, 2016). Annual rainfall over 
mainland Mauritius has decreased by about 63 mm per decade over the past century (1905-
2007) (Republic of Mauritius, 2010), with more pronounced drying in the north and west of 
the island (Republic of Mauritius, 2016). The positive trends noted here in seasonal rainfall 
indices at Mt Camizard also correspond well with patterns found for multiple rain gauges in 
the Bambous Mountains in previous research (Senapathi, 2009; Senapathi et al., 2010). As 
expected, indices for extreme rainfall broadly followed similar trends to those shown by 
general rainfall indices. It should be noted that the potential for undetected inhomogeneities 
in the Petrin rainfall data could affect the results of trend analyses. 
 
Mauritius is located in an ocean region that climate models indicate is on the border between 
areas that are characterised by increasing precipitation to the east and decreasing 
precipitation to the west (Polson et al., 2016). However, the contrasting trends on Mauritius 
imply that a particular set of smaller-scale processes are influencing local conditions. In the 
absence of changes to circulation patterns and relative humidity, thermodynamic factors 
suggest that extreme precipitation intensity should increase with increasing global mean 
surface temperature, scaling at about 7% per 1°C increase, as governed by the Clausius-
Clapeyron equation, which describes the capacity of the atmosphere to hold moisture. 
However, some studies report a scaling of extreme precipitation above this rate (Allan et al., 
2010; Wasko et al., 2016). For example, Benestad (2013) found that rainday 95th percentiles 
worldwide have been influenced by global mean temperature, consistent with an accelerated 
hydrological cycle caused by global warming. In reality, the local influence of climate change 
on precipitation will be mediated by local and mesoscale processes, as well as synoptic scale 
changes. Important among these is the effect of orography on local precipitation (Houze, 
2012). Seasonal trends in Mauritius show variation, implying that synoptic-scale patterns are 
also having an influence. 
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Contrasting trends in precipitation have been noted in other topographically varied 
continental regions (Kittel et al., 2015) and on islands, as shown for the Canary Islands 
(García-Herrera et al., 2003) and the Hawaiian Islands (Chu et al., 2010; Chen and Chu, 2014; 
Frazier and Giambelluca, 2017), with weather stations in the same island group and on the 
same island sometimes showing opposite trends in precipitation (García-Herrera et al., 2003; 
Chu et al., 2010; Chen and Chu, 2014). Changes in mountain climates can differ substantially 
from those in adjacent lowlands and wider regional signals, as seen in both observations and 
model simulations (Beniston et al., 1997; Giorgi et al., 1997; Fyfe and Flato, 1999; Urrutia and 
Vuille, 2009; Rangwala and Miller, 2012; Pepin et al., 2015). Within mountain systems, 
locations that differ in terms of elevation and position relative to mountain crests have been 
shown to exhibit different long-term trends in precipitation (Rangwala et al., 2009; Kittel et 
al., 2015). Important topographic characteristics include the elevation, orientation and slope 
of mountain features relative to the direction of moisture-bearing atmospheric flow (Roe, 
2005; Daly et al., 2008; Kittel et al., 2015). Orographic precipitation on islands in the trade 
wind belt is also influenced by the strength of trade winds, as shown for Dominica (Smith et 
al., 2012). Idealised simulations have been used to study the response of orographic 
precipitation extremes to climate warming, showing that there are higher fractional changes 
in precipitation extremes on the climatological leeward slope of midlatitude mountains 
compared to the windward slope (Siler and Roe, 2014; Shi and Durran, 2015). 
 
The analysis of precipitation indices in this study has uncovered unexpected differences in 
trends at Mt Camizard and Plaisance, which are located <15 km apart on the southeastern 
coast. This could be due to a shift in the prevailing direction of weather fronts or trade winds 
that affect the southeast coast of Mauritius, combined with the orographic effects of the 
Bambous Mountains compared to the lowlands surrounding Plaisance. The decreasing trend 
in precipitation at Vacoas on the Central Plateau might indicate that a change in prevailing 
circulation patterns is the main driver of the contrasting trends at the two stations on the 
southeastern coast, and that this is mediated by differences in orography. However, it is 
beyond the scope of this study to investigate this further. 
 
The precipitation data from Petrin cover a brief period in which few significant climate trends 
are detected, although there are some signs of decreases in rainfall. The long-term declines in 
precipitation at Vacoas suggest that populations in the BRGNP are experiencing decreases in 
rainfall and potentially an increasing risk of drought. Such patterns could impact echo 
parakeets if food availability is affected; significant changes in precipitation during the 
nesting phase may impact breeding success and changes in precipitation in the post-nesting 
 96 
 
phase could impact juvenile survival. This population receives supplementary food, thus 
birds that use the supplementary food least may be the most impacted.  
 
Both synoptic stations show significant increases in the frequency of hot days and decreases 
in cold days, including during SON when kestrels and parakeets have their peaks in nesting 
activity. Breeding success could be impacted by these trends in temperature extremes during 
the nesting phase. The increasing frequency of extreme heat events has been linked to 
anthropogenic changes to the climate. For example, King et al. (2016) found a significant 
human contribution to the probability of record-breaking global temperature events as early 
as the 1930s, with all of the last 16 record-breaking hot years globally since then having an 
anthropogenic contribution to their probability of occurrence. Previous analyses of 
temperature data over the period 1950-2007 for several stations in Mauritius and over the 
Outer Islands shows that the mean temperature is rising by about 0.16°C per decade, and on 
average, temperatures have increased over the region by 0.74-1.2°C since 1950 (Republic of 
Mauritius, 2010). It should be noted that the weather station at Vacoas is situated in an urban 
area and temperature trends there are likely to have been affected by increasing 
urbanisation. It should also be borne in mind that inhomogeneities detected in the Plaisance 
temperature data could affect the results of trend analyses. This is also true regarding biases 
created by the standard reference period (Zhang et al., 2005b; Zhang et al., 2011). 
 
Tropical cyclone indices show particularly high cyclone activity in DJF 2001, with fairly high 
activity in the 1990s. High cyclone activity in DJF could potentially impact fledging and 
juvenile survival in Mauritius kestrels and echo parakeets, while cyclone activity in DJF or 
MAM could disrupt breeding activity in the pink pigeon and Mauritius fody populations on Ile 
aux Aigrettes, which are less seasonal (Bambini et al., 2011; Concannon, 2014). 
 
3.5.2 Species management implications 
Given the influence of topography on climate trends, it is important that conservationists 
account for variation in local trends in climate risks, such as droughts and extreme rainfall, 
especially for insular and montane species. The present study highlights a dichotomy of 
trends in the weather regimes experienced by focal populations in Mauritius. The trend 
analyses imply that populations on IAA are experiencing decreases in precipitation and are at 
increasing risk of drought. The reintroduced population of Mauritius kestrels in the Bambous 
Mountains is, however, experiencing increasing rainfall and increasingly frequent extreme 
rain events. Studies on other raptor species show that, in general, precipitation has negative 
impacts on productivity (reviewed in Chapter 1). Previous research on the Mauritius kestrel 
has shown that increased rainfall before and during the breeding season influences breeding 
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phenology and productivity, such that egg-laying is delayed and breeding success is reduced 
(Nicoll, 2004; Senapathi, 2009; Senapathi et al., 2011), and that rainfall in the cyclone season 
negatively impacts the survival of juvenile birds (Nicoll et al., 2003; Nicoll, 2004). Positive 
trends in overall rainfall and heavy rain events in the Bambous Mountains imply that the 
focal kestrel population could be experiencing worsening impacts on breeding success and 
juvenile survival. Management actions in response could involve the re-designing of nest-
boxes and responsive supplementary feeding during periods of intense and more frequent 
rainfall. It may also be necessary to bolster and establish other populations of this species in 
drier parts of the island. Insectivorous and frugivorous species in the Bambous Mountains, 
such as the newly re-introduced populations of echo parakeet and Mauritius cuckoo-shrike, 
may benefit from increasing rainfall. Indeed, the Bambous Mountains may be more suitable 
for the echo parakeet than the BRGNP, where rainfall appears to be decreasing. Research on 
other psittacine species indicates that rainfall variability and drought events have important 
influences on phenology and demography, probably through effects on food availability 
(reviewed in Chapter 1).  
 
Populations on IAA, such as the Mauritius fody, Mauritius olive white-eye and pink pigeon, 
which are generally frugivorous and insectivorous, appear to be at increasing risk from 
droughts. Some of these populations may be buffered by management actions, including the 
provision of supplementary food and water; however, a key question will be whether such 
management will be sufficient to buffer against drought impacts if the trends of decreasing 
precipitation continue. Severe drought conditions on Ile aux Aigrettes, as noted in the 2010-
2011 breeding season, cause the extensive defoliation of vegetation and declines in 
invertebrate density, and may also negatively impact Mauritius fody breeding activity 
(Bambini et al., 2011). In contrast, it appears that rainfall does not strongly influence survival 
and recruitment in the pink pigeon population on IAA (Concannon, 2014). The Mauritius 
olive white-eye is highly nectivorous, but also consumes invertebrates and fruit, and on IAA 
they show a decrease in their consumption of supplementary nectar and fruit during rainy 
conditions (Maggs, 2016), suggesting that they have a greater need for these artificial 
resources during dry weather. Overall, it appears that the occurrence of more frequent and 
more severe droughts on IAA could have negative demographic effects, thus populations 
there may require additional supplementary food and water, especially during severe 
drought events.  
 
3.5.3 Definition of meteorological extremes for ecological studies 
The definition of meteorological extremes presents a substantial challenge for ecologists, 
especially where sufficient prior knowledge and data from which to define thresholds are 
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lacking. The use of meteorological approaches for the definition of extremes provides a 
starting point for ecological analysis and the opportunity to set ecological research in the 
context of wider meteorological and climate research, including the study of societal impacts. 
Setting ecological research in the context of societal impacts and climate research arguably 
makes such research more relevant to decision-makers, who typically must prioritise human 
needs and see research outputs through the prism of human impacts. Most meteorological 
research naturally focusses on the use of meteorological concepts for defining and 
characterising extremes, thus if ecological studies are framed in the same context and use 
similar methods, future meteorological research and climate projections can be related 
directly to those ecological studies. 
 
A potential problem with the approach of defining extreme meteorological events based 
solely on ecological impact thresholds is that inferring causality for any one or number of 
variables can be difficult. Extreme ecological impacts, e.g. mass mortality or breeding failure, 
could be the result of an accumulation of conditions, potentially including both extreme 
events and changes in average conditions, or could be a product of undetected intrinsic 
factors. Defining extremes first and testing their impact in models that incorporate other 
factors allows the research questions to be addressed around prior definitions of extremes 
based on societal impacts or statistical rarity and how these relate to the evolution of the 
species and past selection pressures. 
 
In this study, established meteorological indices have been adapted to make them more 
relevant to the study species and local climate cycle. The relatively short time spans for which 
there are ecological data in this study places immediate limitations on the number of truly 
extreme events that can be studied, therefore the definition of statistically extreme events has 
been relaxed to provide a larger number of observations for study and to increase the 
statistical robustness of subsequent analysis. This also places limitations on the scope of 
climate variability captured in the study. 
 
3.5.4 Conclusions 
This chapter has explored the definition of extreme meteorological events for ecological 
research. In the context of very limited prior knowledge of impact thresholds for the study 
species or system it is argued that established meteorological indices for extreme events, 
often based on statistical rarity, provide a useful methodology and framework with which to 
characterise events that are likely to have ecological impacts. This also facilitates direct links 
to be drawn between ecological studies and research in meteorology and climate change.  
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Overall, the analysis of precipitation data from four sites and temperature data from two sites 
provides strong evidence of a climate change signal in Mauritius since the mid-20th century, 
and implies that species in Mauritius are experiencing changes in average conditions and 
extreme events. However, trends vary by location and season. The analysis demonstrates 
spatial variation in long-term (>50 years) precipitation changes, with differences in the 
changing risk of extreme rainfall and drought over spatial scales of <15 km. This fine-scale 
variation has important implications for the climate change vulnerability and conservation of 
very restricted-range species. Local variation in climate trends should prompt conservation 
management to be adapted over local scales. Furthermore, climate change vulnerability 
assessments for restricted-range species should combine detailed analyses of sensitivity with 
analyses of local trends in climate risks.  
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3.7 Appendix 
 
Table A3.1. Results (significance levels) of homogeneity analysis using four tests: the 
Standard Normal Homogeneity test (SNH), the Buishand Range test (BHR), the Pettitt test 
(PET) and the Von Neumann Ratio test (VON). NS = Not significant. 
Type of 
data 
Location Time period SNH BHR PET VON 
Annual 
(June-May) 
Rainfall 
(mm) 
Mt Camizard 1962-2014 <0.01 <0.05 <0.05 <0.01 
Plaisance 1951-2014 NS NS NS NS 
Vacoas 1961-1989 <0.05 NS NS NS 
Annual 
(June-May) 
Mean Tmax 
(°C) 
Plaisance 1951-2014 <0.01 <0.01 <0.01 <0.01 
Vacoas 1961-1989 <0.05 NS <0.05 <0.01 
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Table A3.2. Meteorological indices considered for use in this study but not selected. 
Meteorological 
event 
Metrics Notes 
Extreme and heavy 
rainfall 
Percentage of total 
seasonal or annual rain 
falling on heavy or 
extreme raindays 
In this study it is expected that the 
absolute number of rare events or their 
absolute severity will be more 
informative of ecological impacts than 
the relative proportion of seasonal 
rainfall (which varies annually) that falls 
on extreme raindays. 
Maximum rainfall 
during a defined 
number of consecutive 
days 
This metric can identify high rainfall 
over a pre-defined number of days, but 
ignores other rain events in a season, as 
well as ignoring variation within the 
events identified. 
Number of days or 
accumulated rainfall on 
days when rainfall 
exceeds an arbitrary 
threshold 
In this study subjectively choosing 
thresholds is difficult given the level of 
knowledge for the study species and for 
similar species around the world; by 
using percentiles, thresholds can be 
more objectively based on the rarity of 
events.  
Drought Drought indices that 
require temperature 
data (e.g. Standardised 
Precipitation and 
Evapotranspiration 
Index: SPEI) and soil 
moisture data (e.g. 
Palmer Drought 
Severity Index: PDSI) 
Air temperature and soil moisture data 
are not available for all of the locations of 
interest in this study, thus these indices 
cannot be applied directly to all of the 
study locations. 
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Table A3.2 continued: 
 
  
Meteorological 
event 
Metrics Notes 
Temperature 
extremes 
Means of daily 
temperature data for 
moving windows of 
consecutive days 
In this study temperature data are not 
available for the study locations, and are 
only available from two synoptic stations 
in mainland Mauritius. Therefore the use 
of absolute temperature values in 
extreme metrics is not ideal, as 
temperature thresholds based on direct 
impacts cannot be reliably inferred; in 
this case relative extremes identified 
using percentile thresholds are 
preferred. 
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Table A3.3. Trends (Kendall’s tau) and 2-tailed significance levels for rainfall and drought 
indices at Plaisance, using inventory data combined using different methods (see Results 
section), 1951-2015 (1980/1981-2014/2015 for Cyclone Rainfall), based on Mann-Kendall 
tests. *P < 0.05, **P < 0.01. 
Index JJA SON DJF MAM 
Rainfall -0.244** -0.114 0.065 -0.177* 
Raindays -0.284** -0.104 -0.096 -0.347** 
SDII -0.145 -0.059 0.082 -0.092 
HY-INT -0.029 0.033 0.194* 0.053 
Max Rain Spell -0.302** -0.092 0.107 -0.080 
Raindays90 -0.194* -0.049 0.092 -0.170 
Raindays95 -0.089 -0.009 0.067 -0.156 
Rainfall90 -0.102 -0.073 0.093 -0.141 
SPI-3 -0.243** -0.114 0.063 -0.178* 
SPI-6 -0.227** -0.203* 0.052 -0.107 
Max Dry Spell 0.135 -0.022 0.188* 0.140 
Cyclone Rainfall - - -0.199 -0.089 
 
  
 
Table A3.4. Correlations (Kendall’s tau) among JJA rainfall indices at Mt Camizard and temperature indices at Plaisance. 
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Table A3.5. Correlations (Kendall’s tau) among SON rainfall indices at Mt Camizard and temperature indices at Plaisance. 
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Raindays90 0.65 0.26 0.63 0.34 1.00                   
Raindays95 0.63 0.22 0.63 0.39 0.60 1.00                 
Rainfall90 0.64 0.17 0.67 0.41 0.60 0.81 1.00               
Max Rain Spell 0.34 0.54 0.12 -0.07 0.29 0.23 0.17 1.00             
Max Dry Spell -0.27 -0.43 -0.08 0.23 -0.20 -0.13 -0.09 -0.14 1.00           
SPI-3 1.00 0.44 0.61 0.24 0.65 0.63 0.64 0.34 -0.28 1.00         
SPI-6 0.65 0.35 0.51 0.22 0.50 0.60 0.54 0.23 -0.22 0.65 1.00       
Mean Tmax -0.01 0.07 -0.16 -0.13 -0.07 0.04 0.02 0.04 -0.02 -0.01 0.14 1.00     
Tmax90 -0.05 0.00 -0.08 -0.05 -0.06 0.02 -0.01 -0.03 -0.01 -0.05 0.02 0.50 1.00   
Tmax10 -0.10 -0.17 0.06 0.12 -0.03 -0.10 -0.09 -0.13 0.08 -0.10 -0.20 -0.71 -0.31 1.00 
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Table A3.6. Correlations (Kendall’s tau) among DJF rainfall and cyclone indices at Mt Camizard and temperature indices at Plaisance. 
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Rainfall 1.00                                   
Raindays 0.42 1.00                                 
SDII 0.79 0.21 1.00                               
HY-INT 0.45 -0.08 0.62 1.00                             
Raindays90 0.77 0.42 0.66 0.36 1.00                           
Raindays95 0.75 0.32 0.74 0.46 0.69 1.00                         
Rainfall90 0.86 0.34 0.81 0.48 0.78 0.77 1.00                       
Max Rain Spell 0.37 0.39 0.29 0.23 0.29 0.30 0.33 1.00                     
Max Dry Spell -0.24 -0.55 -0.08 0.24 -0.26 -0.16 -0.17 -0.17 1.00                   
SPI-3 1.00 0.42 0.80 0.47 0.77 0.75 0.86 0.38 -0.23 1.00                 
SPI-6 0.77 0.40 0.70 0.44 0.64 0.69 0.71 0.35 -0.21 0.78 1.00               
Mean Tmax 0.04 0.17 0.00 -0.04 0.07 -0.03 0.06 0.01 -0.14 0.04 0.05 1.00             
Tmax90 0.13 0.16 0.10 0.07 0.10 0.06 0.13 0.09 -0.18 0.12 0.12 0.57 1.00           
Tmax10 0.02 -0.10 0.07 0.10 -0.01 0.09 -0.01 0.02 0.07 0.01 0.01 -0.75 -0.39 1.00         
Cyclone Days -0.02 -0.12 0.05 0.05 0.04 0.03 0.04 -0.31 0.15 -0.02 -0.09 -0.06 -0.02 0.07 1.00       
ACE 300km -0.05 -0.07 0.00 0.02 0.04 -0.01 -0.02 -0.28 0.12 -0.05 -0.12 0.00 0.07 0.07 0.74 1.00     
PDI 300km -0.07 -0.03 -0.03 0.00 0.02 -0.03 -0.04 -0.25 0.11 -0.08 -0.14 0.00 0.06 0.07 0.68 0.93 1.00   
Cyclone Rainfall 0.10 -0.06 0.16 0.17 0.16 0.16 0.16 -0.16 0.17 0.10 0.02 -0.10 -0.03 0.14 0.81 0.63 0.60 1.00 
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Table A3.7. Correlations (Kendall’s tau) among MAM rainfall and cyclone indices at Mt Camizard and temperature indices at Plaisance. 
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Rainfall 1.00                                   
Raindays 0.32 1.00                                 
SDII 0.73 0.05 1.00                               
HY-INT 0.44 -0.19 0.65 1.00                             
Raindays90 0.71 0.23 0.68 0.45 1.00                           
Raindays95 0.69 0.14 0.72 0.47 0.70 1.00                         
Rainfall90 0.84 0.21 0.78 0.52 0.76 0.75 1.00                       
Max Rain Spell 0.20 0.49 -0.01 -0.04 0.12 0.01 0.11 1.00                     
Max Dry Spell -0.19 -0.45 -0.01 0.30 -0.10 -0.09 -0.09 -0.16 1.00                   
SPI-3 1.00 0.28 0.73 0.46 0.71 0.69 0.84 0.17 -0.14 1.00                 
SPI-6 0.44 0.29 0.31 0.17 0.30 0.40 0.37 0.22 -0.18 0.44 1.00               
Mean Tmax 0.16 0.32 0.02 0.00 0.11 0.02 0.09 0.28 -0.08 0.12 0.24 1.00             
Tmax90 0.12 0.32 -0.02 -0.03 0.10 0.03 0.07 0.27 -0.09 0.10 0.16 0.57 1.00           
Tmax10 -0.13 -0.28 0.03 0.04 -0.05 -0.06 -0.08 -0.22 0.05 -0.11 -0.25 -0.62 -0.28 1.00         
Cyclone Days -0.09 -0.08 -0.05 -0.06 0.01 -0.08 -0.03 -0.10 0.15 -0.11 -0.27 -0.06 0.13 0.07 1.00       
ACE 300km -0.09 -0.14 -0.05 -0.04 0.00 -0.09 -0.03 -0.14 0.19 -0.13 -0.28 -0.09 0.07 0.08 0.91 1.00     
PDI 300km -0.09 -0.14 -0.05 -0.04 0.00 -0.09 -0.03 -0.14 0.20 -0.13 -0.28 -0.10 0.06 0.08 0.89 0.99 1.00   
Cyclone Rainfall -0.05 -0.10 -0.01 -0.02 0.05 -0.03 0.01 -0.11 0.15 -0.09 -0.25 -0.10 0.07 0.11 0.91 0.90 0.89 1.00 
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Table A3.8. Correlations (Kendall’s tau) among JJA climate indices at Plaisance. 
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Rainfall 1.00                           
Raindays 0.39 1.00                         
SDII 0.74 0.12 1.00                       
HY-INT 0.46 -0.13 0.67 1.00                     
Raindays90 0.70 0.28 0.66 0.49 1.00                   
Raindays95 0.62 0.23 0.64 0.48 0.59 1.00                 
Rainfall90 0.66 0.19 0.70 0.48 0.46 0.66 1.00               
Max Rain Spell 0.10 0.35 -0.02 -0.05 0.03 0.04 0.01 1.00             
Max Dry Spell -0.11 -0.40 0.06 0.25 -0.08 -0.07 -0.04 -0.18 1.00           
SPI-3 1.00 0.39 0.74 0.46 0.70 0.62 0.66 0.10 -0.10 1.00         
SPI-6 0.53 0.41 0.40 0.23 0.43 0.34 0.37 0.15 -0.16 0.53 1.00       
Mean Tmax -0.11 -0.13 -0.10 -0.08 -0.10 -0.07 -0.08 -0.25 0.04 -0.11 -0.11 1.00     
Tmax90 0.05 -0.01 0.04 0.01 0.05 0.05 0.00 -0.12 0.04 0.05 0.08 0.54 1.00   
Tmax10 0.19 0.17 0.16 0.11 0.17 0.15 0.16 0.25 -0.04 0.18 0.16 -0.77 -0.37 1.00 
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Table A3.9. Correlations (Kendall’s tau) among SON climate indices at Plaisance. 
  R
ai
n
fa
ll
 
R
ai
n
d
ay
s 
SD
II
 
H
Y
-I
N
T
 
R
ai
n
d
ay
s9
0
 
R
ai
n
d
ay
s9
5
 
R
ai
n
fa
ll
9
0
 
M
ax
 R
ai
n
 S
p
el
l 
M
ax
 D
ry
 S
p
el
l 
SP
I-
3
 
SP
I-
6
 
M
ea
n
 T
m
ax
 
T
m
ax
9
0
 
T
m
ax
1
0
 
Rainfall 1.00                           
Raindays 0.41 1.00                         
SDII 0.72 0.13 1.00                       
HY-INT 0.36 -0.22 0.61 1.00                     
Raindays90 0.62 0.22 0.66 0.43 1.00                   
Raindays95 0.67 0.27 0.68 0.43 0.64 1.00                 
Rainfall90 0.69 0.19 0.71 0.49 0.49 0.76 1.00               
Max Rain Spell 0.30 0.49 0.13 -0.04 0.16 0.28 0.19 1.00             
Max Dry Spell -0.20 -0.46 -0.02 0.26 -0.08 -0.14 -0.12 -0.29 1.00           
SPI-3 1.00 0.41 0.72 0.36 0.62 0.67 0.69 0.30 -0.20 1.00         
SPI-6 0.55 0.24 0.49 0.27 0.36 0.40 0.53 0.17 -0.14 0.55 1.00       
Mean Tmax -0.27 -0.30 -0.15 -0.01 -0.14 -0.10 -0.17 -0.20 0.12 -0.27 -0.26 1.00     
Tmax90 -0.29 -0.29 -0.19 -0.03 -0.15 -0.16 -0.25 -0.15 0.12 -0.29 -0.23 0.55 1.00   
Tmax10 0.17 0.22 0.08 -0.03 0.07 0.03 0.09 0.13 -0.08 0.17 0.20 -0.75 -0.38 1.00 
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Table A3.10. Correlations (Kendall’s tau) among DJF climate indices at Plaisance. 
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Rainfall 1.00                                   
Raindays 0.41 1.00                                 
SDII 0.70 0.10 1.00                               
HY-INT 0.42 -0.13 0.67 1.00                             
Raindays90 0.75 0.37 0.62 0.38 1.00                           
Raindays95 0.61 0.17 0.66 0.47 0.62 1.00                         
Rainfall90 0.84 0.29 0.79 0.51 0.76 0.69 1.00                       
Max Rain Spell 0.39 0.36 0.22 0.19 0.29 0.23 0.32 1.00                     
Max Dry Spell -0.14 -0.38 0.02 0.29 -0.07 -0.03 -0.08 -0.06 1.00                   
SPI-3 1.00 0.41 0.70 0.42 0.75 0.61 0.84 0.40 -0.15 1.00                 
SPI-6 0.78 0.38 0.62 0.37 0.67 0.59 0.75 0.33 -0.13 0.78 1.00               
Mean Tmax -0.13 -0.20 -0.07 0.06 -0.04 -0.08 -0.07 -0.09 0.18 -0.13 -0.16 1.00             
Tmax90 -0.03 -0.17 0.05 0.16 -0.01 -0.01 0.02 0.02 0.14 -0.03 -0.07 0.54 1.00           
Tmax10 0.16 0.19 0.10 0.01 0.08 0.12 0.12 0.07 -0.21 0.16 0.20 -0.76 -0.36 1.00         
Cyclone Days 0.03 -0.01 0.13 0.12 0.04 0.13 0.08 0.11 0.06 0.01 -0.03 -0.06 -0.03 0.07 1.00       
ACE 300km 0.03 -0.04 0.14 0.12 0.01 0.13 0.04 0.02 -0.07 0.01 -0.04 0.02 0.07 0.07 0.75 1.00     
PDI 300km 0.03 -0.04 0.14 0.10 0.01 0.14 0.04 0.03 -0.10 0.01 -0.04 0.00 0.04 0.08 0.71 0.95 1.00   
Cyclone Rainfall 0.19 0.05 0.26 0.24 0.15 0.25 0.19 0.19 -0.01 0.18 0.16 -0.16 -0.06 0.18 0.75 0.66 0.62 1.00 
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Table A3.11. Correlations (Kendall’s tau) among MAM climate indices at Plaisance. 
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Rainfall 1.00                                   
Raindays 0.37 1.00                                 
SDII 0.71 0.07 1.00                               
HY-INT 0.37 -0.22 0.63 1.00                             
Raindays90 0.66 0.28 0.59 0.35 1.00                           
Raindays95 0.68 0.20 0.69 0.41 0.67 1.00                         
Rainfall90 0.84 0.25 0.78 0.47 0.68 0.72 1.00                       
Max Rain Spell 0.09 0.41 -0.09 -0.11 0.07 -0.09 0.04 1.00                     
Max Dry Spell -0.38 -0.46 -0.19 0.13 -0.29 -0.30 -0.32 -0.12 1.00                   
SPI-3 1.00 0.37 0.71 0.37 0.66 0.68 0.85 0.09 -0.38 1.00                 
SPI-6 0.52 0.25 0.46 0.24 0.36 0.38 0.48 0.06 -0.37 0.51 1.00               
Mean Tmax -0.05 -0.11 0.00 0.04 -0.07 -0.07 -0.01 0.02 0.07 -0.06 -0.07 1.00             
Tmax90 -0.02 0.05 -0.04 -0.02 -0.01 -0.05 -0.03 0.13 -0.01 -0.02 0.00 0.54 1.00           
Tmax10 0.08 0.19 0.00 -0.01 0.08 0.07 0.01 0.07 -0.10 0.08 0.04 -0.62 -0.24 1.00         
Cyclone Days 0.13 0.20 0.06 0.03 0.05 0.09 0.14 0.25 -0.07 0.13 -0.01 -0.05 0.12 0.03 1.00       
ACE 300km 0.12 0.20 0.03 0.01 0.04 0.08 0.12 0.24 -0.08 0.12 -0.02 -0.07 0.06 0.03 0.92 1.00     
PDI 300km 0.12 0.20 0.03 0.00 0.03 0.08 0.12 0.24 -0.09 0.12 -0.01 -0.08 0.05 0.03 0.91 0.99 1.00   
Cyclone Rainfall 0.14 0.19 0.07 0.04 0.08 0.12 0.15 0.22 -0.08 0.14 0.01 -0.08 0.06 0.04 0.91 0.93 0.92 1.00 
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Table A3.12. Correlations (Kendall’s tau) among JJA rainfall indices at Petrin and temperature indices at Vacoas. 
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Rainfall 1.00                           
Raindays 0.47 1.00                         
SDII 0.69 0.15 1.00                       
HY-INT 0.21 -0.27 0.47 1.00                     
Raindays90 0.66 0.32 0.59 0.31 1.00                   
Raindays95 0.43 0.26 0.46 0.32 0.61 1.00                 
Rainfall90 0.56 0.31 0.56 0.34 0.63 0.81 1.00               
Max Rain Spell 0.25 0.32 0.11 0.07 0.39 0.24 0.25 1.00             
Max Dry Spell -0.29 -0.51 -0.06 0.34 -0.22 0.00 -0.05 -0.18 1.00           
SPI-3 1.00 0.47 0.69 0.21 0.66 0.43 0.56 0.25 -0.29 1.00         
SPI-6 0.24 0.12 0.23 0.06 0.25 0.22 0.25 0.07 -0.12 0.24 1.00       
Mean Tmax -0.16 -0.32 -0.07 0.08 -0.23 -0.33 -0.27 -0.08 0.07 -0.16 -0.32 1.00     
Tmax90 0.18 -0.21 0.32 0.41 0.21 0.11 0.13 -0.01 0.01 0.18 -0.18 0.49 1.00   
Tmax10 0.14 0.20 0.10 0.02 0.14 0.27 0.14 0.08 0.03 0.14 0.17 -0.67 -0.24 1.00 
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Table A3.13. Correlations (Kendall’s tau) among SON rainfall indices at Petrin and temperature indices at Vacoas. 
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Rainfall 1.00                           
Raindays 0.36 1.00                         
SDII 0.62 -0.03 1.00                       
HY-INT 0.33 -0.30 0.63 1.00                     
Raindays90 0.67 0.16 0.72 0.50 1.00                   
Raindays95 0.63 0.11 0.68 0.52 0.65 1.00                 
Rainfall90 0.60 0.05 0.71 0.57 0.62 0.76 1.00               
Max Rain Spell 0.26 0.48 0.00 -0.05 0.12 0.08 0.06 1.00             
Max Dry Spell -0.13 -0.48 0.11 0.40 -0.01 0.10 0.08 -0.26 1.00           
SPI-3 1.00 0.34 0.60 0.36 0.66 0.62 0.62 0.28 -0.09 1.00         
SPI-6 0.47 0.38 0.26 0.10 0.36 0.43 0.39 0.25 -0.19 0.47 1.00       
Mean Tmax 0.03 -0.34 0.25 0.36 0.20 0.07 0.15 -0.35 0.08 0.01 -0.20 1.00     
Tmax90 0.02 -0.30 0.18 0.31 0.09 0.18 0.24 -0.31 0.18 0.01 -0.27 0.48 1.00   
Tmax10 -0.05 0.17 -0.18 -0.16 -0.20 -0.08 -0.16 0.24 -0.03 -0.04 0.03 -0.59 -0.19 1.00 
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Table A3.14. Correlations (Kendall’s tau) among DJF rainfall and cyclone indices at Petrin and temperature indices at Vacoas. 
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Rainfall 1.00                                   
Raindays 0.40 1.00                                 
SDII 0.71 0.10 1.00                               
HY-INT 0.37 -0.20 0.65 1.00                             
Raindays90 0.74 0.26 0.77 0.49 1.00                           
Raindays95 0.60 0.19 0.63 0.44 0.72 1.00                         
Rainfall90 0.82 0.28 0.75 0.44 0.81 0.72 1.00                       
Max Rain Spell 0.38 0.54 0.16 0.07 0.28 0.23 0.34 1.00                     
Max Dry Spell -0.31 -0.63 -0.03 0.29 -0.15 -0.11 -0.20 -0.40 1.00                   
SPI-3 1.00 0.40 0.71 0.37 0.74 0.60 0.82 0.38 -0.31 1.00                 
SPI-6 0.78 0.38 0.65 0.38 0.70 0.59 0.71 0.40 -0.25 0.78 1.00               
Mean Tmax -0.26 -0.42 -0.04 0.23 -0.19 -0.24 -0.27 -0.23 0.39 -0.26 -0.13 1.00             
Tmax90 -0.13 -0.27 0.04 0.30 -0.08 -0.06 -0.10 0.10 0.23 -0.13 -0.02 0.54 1.00           
Tmax10 0.27 0.35 0.06 -0.15 0.16 0.25 0.24 0.33 -0.32 0.27 0.14 -0.74 -0.38 1.00         
Cyclone Days 0.12 -0.09 0.21 0.17 0.11 0.22 0.13 -0.28 0.02 0.12 0.04 -0.12 -0.18 0.00 1.00       
ACE 300km 0.20 -0.01 0.25 0.15 0.14 0.27 0.22 -0.10 -0.06 0.20 0.09 -0.10 -0.04 0.02 0.74 1.00     
PDI 300km 0.22 -0.01 0.26 0.15 0.17 0.31 0.25 -0.09 -0.09 0.22 0.12 -0.08 -0.02 0.00 0.70 0.95 1.00   
Cyclone Rainfall 0.32 -0.01 0.36 0.23 0.29 0.36 0.34 -0.15 -0.01 0.32 0.19 -0.13 -0.09 0.06 0.78 0.79 0.76 1.00 
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Table A3.15. Correlations (Kendall’s tau) among MAM rainfall and cyclone indices at Petrin and temperature indices at Vacoas. 
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Rainfall 1.00                                   
Raindays 0.36 1.00                                 
SDII 0.78 0.13 1.00                               
HY-INT 0.48 -0.12 0.60 1.00                             
Raindays90 0.62 0.10 0.66 0.52 1.00                           
Raindays95 0.58 -0.01 0.70 0.55 0.58 1.00                         
Rainfall90 0.75 0.14 0.85 0.55 0.68 0.73 1.00                       
Max Rain Spell 0.33 0.56 0.20 -0.06 0.04 0.16 0.25 1.00                     
Max Dry Spell 0.02 -0.45 0.18 0.38 0.22 0.10 0.19 -0.29 1.00                   
SPI-3 1.00 0.36 0.78 0.48 0.62 0.58 0.75 0.33 0.03 1.00                 
SPI-6 0.49 0.29 0.44 0.34 0.48 0.41 0.45 0.26 -0.05 0.49 1.00               
Mean Tmax -0.23 -0.27 -0.22 -0.10 -0.27 -0.27 -0.26 -0.23 0.14 -0.23 -0.32 1.00             
Tmax90 -0.02 -0.06 -0.04 -0.12 -0.03 -0.21 -0.13 -0.10 0.06 -0.02 -0.02 0.43 1.00           
Tmax10 0.41 0.11 0.44 0.27 0.60 0.43 0.46 0.07 0.03 0.41 0.42 -0.52 -0.03 1.00         
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ACE 300km -0.04 -0.14 -0.04 0.05 0.00 -0.11 -0.08 -0.29 0.20 -0.04 0.10 -0.08 0.33 0.24 0.93 1.00     
PDI 300km -0.05 -0.15 -0.05 0.05 -0.02 -0.13 -0.09 -0.31 0.22 -0.05 0.08 -0.06 0.33 0.22 0.90 0.98 1.00   
Cyclone Rainfall 0.12 0.01 0.12 0.15 0.14 0.03 0.08 -0.18 0.14 0.12 0.27 -0.18 0.23 0.32 0.85 0.84 0.82 1.00 
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Table A3.16. Correlations (Kendall’s tau) among JJA climate indices at Vacoas. 
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Table A3.17. Correlations (Kendall’s tau) among SON climate indices at Vacoas. 
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Mean Tmax -0.17 -0.38 -0.03 -0.19 0.20 1.00     
Tmax90 -0.21 -0.38 -0.06 -0.13 0.23 0.46 1.00   
Tmax10 0.11 0.23 0.01 0.18 -0.10 -0.67 -0.24 1.00 
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Table A3.18. Correlations (Kendall’s tau) among DJF climate indices at Vacoas. 
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SDII 0.76 0.08 1.00           
Max Rain Spell 0.28 0.40 0.16 1.00         
Max Dry Spell -0.09 -0.34 0.02 0.08 1.00       
Mean Tmax -0.13 -0.21 -0.04 -0.08 0.15 1.00     
Tmax90 -0.14 -0.19 -0.07 -0.11 0.24 0.54 1.00   
Tmax10 0.10 0.19 0.02 0.12 -0.09 -0.67 -0.29 1.00 
 
 
 
Table A3.19. Correlations (Kendall’s tau) among MAM climate indices at Vacoas. 
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SDII 0.64 -0.12 1.00           
Max Rain Spell 0.14 0.47 -0.09 1.00         
Max Dry Spell -0.19 -0.44 0.03 -0.21 1.00       
Mean Tmax -0.07 -0.21 0.00 -0.14 -0.05 1.00     
Tmax90 0.15 0.05 0.08 0.12 -0.22 0.52 1.00   
Tmax10 0.26 0.32 0.08 0.22 -0.02 -0.56 -0.14 1.00 
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Chapter 4 
Phenological tracking of a seasonal  
climate window in a recovering  
tropical island bird species  
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4.1 Abstract 
Shifts in the reproductive timing of plants and animals in temperate regions are widespread 
and have potential consequences for individual fitness and population dynamics if 
reproduction becomes mistimed relative to favourable biotic or abiotic conditions. Very little 
is known about these processes in the highly speciose tropics. Tropical island species are 
expected to be particularly vulnerable to climate change. However, changes in phenology 
represent one potential mode of adaptation. Here, I explore these issues by quantifying 
climate change impacts on the phenology and demography of the Mauritius kestrel (Falco 
punctatus); a tropical raptor and iconic conservation success story, having recovered from a 
severe population bottleneck. I show that the timing of egg-laying is advancing in response to 
increases in late winter-early spring temperatures, at rates similar to temperate bird 
populations, with individual females showing plasticity to increases in temperature. Fledgling 
production is reduced when nesting overlaps with the summer rainy season, especially 
during heavy rainfall.  As the timing of egg-laying advances, the risk of rainy season overlap 
should decrease, but this trend is not evident because rainy season onset is also advancing in 
recent years. This suggests that the breeding phenology of Mauritius kestrels is tracking 
changes in a seasonal window of favourable climate conditions. These results show how a 
threatened island-endemic species may adapt to a changing climate. The mechanism of 
changing seasonal windows may be widespread in the tropics, and climate change may result 
in new seasonal windows to which species must synchronise their life-history events. 
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4.2 Introduction 
Understanding the vulnerability of species to climate change, based on their exposure, 
sensitivity and adaptive capacity, is vital for informing policies on mitigation, adaptation and 
conservation (Williams et al., 2008; Dawson et al., 2011; Foden et al., 2013; Moritz and 
Agudo, 2013). Species adaptation to climate change may involve physiological and 
behavioural plasticity, spatial or elevational range shifts or evolutionary changes, without 
which local extirpation or complete extinction are increasingly likely and management 
interventions are needed (Williams et al., 2008; Dawson et al., 2011; Bellard et al., 2012; 
Moritz and Agudo, 2013). Changes in phenology (the timing of seasonal life-history events) 
are among the most frequently cited examples of ecological response to climate change 
(Forrest and Miller-Rushing, 2010; Post et al., 2018). The vast majority of biological 
phenomena have annual cycles and these temporal patterns, resulting from trade-offs among 
life-history characteristics and environmental conditions, underpin many aspects of ecology 
and evolution (Forrest and Miller-Rushing, 2010). The advancement of spring phenology, 
such as flowering times in plants and the timing of breeding in animals, has been documented 
for a range of taxonomic groups and life-history traits, most frequently in temperate regions 
of the Northern Hemisphere (Parmesan and Yohe, 2003; Parmesan, 2006; Chambers et al., 
2013; IPCC, 2014; Cohen et al., 2018; Post et al., 2018). Evidence indicates that phenological 
advancement is generally more rapid at higher latitudes, owing largely to the increasing 
velocity of warming as latitude increases (Both et al., 2004; Parmesan, 2007; IPCC, 2014; Post 
et al., 2018). 
 
The timing of reproduction is a life-history decision with major fitness consequences for 
individuals (Visser et al., 2006; Visser et al., 2009), as it mediates the relationship between 
environmental conditions and reproductive fitness (Visser and Both, 2005). While there are 
exceptions, the population demographic effects of phenological changes in species are likely 
to emerge in reproduction before affecting other life-history stages, owing to the energy 
requirements of reproduction, the tendency for adult survival to be prioritised and the 
vulnerability of very young offspring to adverse conditions (Miller-Rushing et al., 2010). In a 
changing climate, species that rely on climate cues for the timing of pre-emptive physiological 
changes (Dawson, 2008) risk mistiming their activities relative to peaks in important 
resources (Harrington et al., 1999; Visser and Both, 2005; Visser et al., 2012) or to a window 
of favourable abiotic conditions (Miller-Rushing et al., 2010). The phenological responses of 
species to climate change appear to differ between trophic levels, with species in higher 
trophic levels generally being less responsive, thus increasing the risk of trophic mismatch, 
population declines and disruption to ecosystem functioning (Both et al., 2009; Thackery et 
al., 2010; Thackery et al., 2016). However, there is mixed evidence of causal links between 
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phenological shifts and population trends and the mechanisms by which these occur (Both et 
al., 2010; Reed et al., 2013; Dunn and Møller, 2014; Franks et al., 2017). 
 
Bird populations in temperate regions have provided model systems for the study of climate 
change impacts on phenology and trophic mismatch, but very little is known about the 
implications of climate change for the phenology of bird species in the tropics (Charmantier 
and Gienapp, 2013). Photoperiod is thought to be the principal environmental cue in the 
phenology of birds, even near the equator (Hau et al., 1998; Beebe et al., 2005; Dawson, 
2007), with physiological plasticity allowing other short-term cues to fine-tune timing 
(Wikelski et al., 2000; Dawson, 2008). In tropical regions, seasons and peaks in resources 
may be less pronounced (Hau, 2001), and species are adapted to a relatively narrow range of 
temperature conditions (Janzen, 1967; Ghalambor et al., 2006; Gill et al., 2016). While 
temperature is the dominant climate influence on phenology in temperate regions, variation 
in precipitation is thought to become increasingly important at lower latitudes (Forrest and 
Miller-Rushing, 2010; Pearce-Higgins and Green, 2014; Cohen et al., 2018). However, the 
influence of temperature on tropical species is not always tested and compared to that of 
precipitation. Many tropical bird species breed seasonally (Hau et al., 1998), and have 
phenological patterns that are influenced by climate (Komdeur, 1996; Wikelski et al., 2000; 
Moore et al., 2005; Moore et al., 2006; Senapathi et al., 2011; Cavalcanti et al., 2016; Shaw, 
2017). Temporal variation in biotic and abiotic conditions may therefore be sufficient for 
climate change to impact the phenology, individual fitness and population dynamics of 
tropical species (Komdeur, 1996; Senapathi et al., 2011; Şekercioğlu et al., 2012), but these 
processes are poorly understood. 
 
The ecological significance of climate change is likely to vary in time and space, including 
across latitudes (La Sorte et al., 2018). While the velocity of warming has been most rapid at 
higher latitudes, tropical regions, with their more limited climate variability, especially in 
relation to temperature, are projected to be among the first to emerge from recent variability 
into relatively novel climate regimes (IPCC, 2007; Mora et al., 2013; Hawkins et al., 2014; La 
Sorte et al., 2018). These areas also harbour globally important concentrations of biodiversity 
(Barlow et al., 2018). Species adapted to environments with low intra- and interannual 
variability may have low capacity for adaptation to even small shifts in climate, thus the 
greatest biological risks of climate change may be where biodiversity is at its richest (Deutsch 
et al., 2008). However, a shortage of long-term detailed datasets and studies on the 
demographic impacts of climate change in tropical species constrains the projection of future 
impacts at low latitudes (Brawn et al., 2017). Further research into climate change impacts on 
the phenology and demography of wild populations in the speciose tropics is urgently 
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needed, as large concentrations of biodiversity could be at risk. Within the tropics, islands 
harbour high endemism (Kier et al., 2009), and island-endemic species are particularly 
vulnerable to global change (Fordham and Brook, 2010). The limited distributions of island 
species increase population-level exposure to climate risks and limit the scope for spatial 
shifts (Foden et al., 2013). Small population size may limit genetic diversity and the potential 
for evolutionary adaptation to new pressures (Parmesan et al., 2000; Strauss et al., 2006). 
The impacts of human activities, such as land-use change and the introduction of invasive 
species, are particularly acute on islands (Gillespie et al., 2008; Kier et al., 2009), and occur in 
synergy with the effects of climate, potentially reducing adaptive capacity to climate change 
(Parmesan et al., 2000). For example, the effects of island area and human activities may 
disrupt adaptive phenological shifts in island populations (Gordo and Doi, 2012). It is vital, 
therefore, that further research be conducted into the climate change vulnerability of tropical 
island species, including potential modes of adaptation such as phenological changes. 
 
Here, I address these issues using an extraordinarily detailed, individual-based dataset on a 
reintroduced population of a tropical wild bird, the Mauritius kestrel. This species was once 
one of the rarest birds in the world, but a successful recovery program has averted its 
extinction. Indeed, Mauritius is one of the few countries to have achieved a net gain in the 
conservation status of its vertebrate biodiversity in recent decades (Rodrigues et al., 2014). 
Conservation gains in Mauritius and other countries represent important contributions to the 
protection of global biodiversity; however, climate change potentially threatens these 
achievements. Mauritius has a tropical climate with a summer rainy season, as influenced by 
tropical cyclones and orographic rain brought by the Southeast Trade Winds (Senapathi et al., 
2010; Staub et al., 2014). The focal population occupies the Bambous Mountains in eastern 
Mauritius, which form a trade wind belt and receive high rainfall relative to most parts of the 
island (Staub et al., 2014). The birds start to breed in the dry austral spring, with many young 
fledging early in the summer rainy season. Mauritius kestrels exhibit limited dispersal and 
the focal population is effectively isolated, allowing the monitoring of virtually all individuals 
and breeding attempts. These data enable the combination of individual life-history data on 
the timing of breeding and its fitness consequences with climate records spanning >20 years. 
Specifically, I address three broad questions: (1) how is breeding phenology (timing of egg-
laying) responding to a changing climate, (2) how does climate impact breeding success; and 
(3) what are the fitness consequences of changes in breeding phenology? The analyses reveal 
a novel ecological mechanism in a tropical species, in which the birds appear to be breeding 
within a changing seasonal window defined by warming temperatures in spring when they 
are egg-laying, coupled with changes in rainfall patterns later in the season that affect 
breeding success.  
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4.3 Methods 
4.3.1 Study system  
The Mauritius kestrel is a diurnal, accipiter-like falcon (Temple, 1987), endemic to Mauritius. 
It is a monogamous and territorial cavity-nester, and tends to favour native forest (Jones, 
1987), although it also occupies agricultural areas (Burgess et al., 2008, 2011; Cartwright et 
al., 2014). Its principal prey are endemic arboreal day geckos (Phelsuma species) (Temple, 
1987), but it will also hunt native and introduced small birds, introduced small mammals, 
introduced reptiles and some insects (Jones, 1987; Temple, 1987; Carter and Jones, 1999). 
The species has been the subject of an intensive recovery programme since it suffered a 
severe population bottleneck and neared extinction in the wild in the 1970s. Threats have 
included habitat destruction, introduced invasive species and pesticide pollution (Jones et al., 
1995). Management strategies used in the recovery programme include captive-breeding and 
releases, cross-fostering, provision of nest-boxes, supplementary feeding and control of 
invasive species (Jones et al., 1995). The species became locally extinct in the Bambous 
Mountains in the 1950s, but was reintroduced from 1987 onwards (Jones et al., 1995). 
Following re-establishment, the Bambous Mountains population has stabilised at ~50 
breeding pairs. There is a smaller and declining remnant population in the Black River Gorges 
area of southwestern Mauritius. Dispersal is very limited, with most birds staying within 2 
km of their natal territory (Nevoux et al., 2013), thus the two extant populations, located c.18 
km apart, are effectively isolated (Cartwright et al., 2014). The current Bambous Mountains 
population is significantly inbred and has lost substantial genetic diversity, although the 
consequences for the species are unclear (Groombridge et al., 2000; Ewing et al., 2008). The 
vast majority of the population is colour-ringed and monitored during each breeding season, 
with nest-sites checked regularly. Egg-laying starts in September and the last chicks fledge in 
January or February (Cartwright et al., 2014). 
 
4.3.2 Meteorological data 
Rain gauge data from Mt Camizard (20°20’ S, 57°42’ E, 21 m asl) for the period January 1962 - 
March 2016 were contributed by Ferney Sugar Estate. The Mt Camizard rain gauge is situated 
in a central location in the Bambous Mountains range of the Mauritius kestrel and has been 
shown to be representative of seasonal rainfall trends in other parts the Bambous Mountains 
area (Senapathi et al., 2010). Temperature data from the nearest available weather station at 
Plaisance (20°26’ S, 57°41’ E, 50 m asl; c.11 km from Mt Camizard) for the period January 
1951 – January 2016 were obtained via the US National Oceanic and Atmospheric 
Administration (NOAA) in the form of the GHCN (Global Historical Climatology Network) and 
GSOD (Global Summary of the Day) inventories. These inventories were merged to minimise 
the number of days with missing data. Quality control was carried out on the rainfall and 
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temperature data, including homogeneity tests and removal of consecutive repeat 
precipitation values (following Gallego et al., 2011). Homogeneity tests on annual rainfall and 
temperature indices identified a break point in the Plaisance temperature data in 1975-1976 
or 1985. No adjustments were made to the data following homogeneity tests, as such 
adjustments are challenging and inhomogeneities could be caused by genuine climate 
variability (WMO, 2003). Tropical cyclone tracks and accompanying data were downloaded 
as ESRI shapefiles from the International Best Track Archive for Climate Stewardship 
(IBTrACS v03r10) (Knapp et al., 2010) via NOAA (www.ncdc.noaa.gov/ibtracs). Global best-
track data comprise 6-hourly estimates of the location (latitude and longitude) and intensity 
(usually estimated as maximum sustained wind speed) of every recorded tropical cyclone 
during varying periods of record in each world region. Inhomogeneities in intensity 
estimation in the Indian Ocean dataset exist owing to the repositioning of a satellite and thus 
improvement of the view angle in 1998 (Elsner et al., 2008; Kossin et al., 2013). These 
inconsistencies are difficult to remove without re-analysing satellite images (Kossin et al., 
2013), and they may affect the cyclone indices used in this study. 
 
4.3.3 Breeding success and phenology 
Exploratory analyses of climate impacts on breeding success and phenology were carried out 
using (generalised) linear mixed effects models. All exploratory analyses followed two stages: 
First, a base (or background) model (e.g. Öberg et al., 2015) was chosen by running a 
selection of candidate models incorporating potentially important variables, based in part on 
prior evidence; and second, climate indices were incorporated into the selected base model to 
test for their effect. Table 4.1 shows the variables incorporated into the candidate base 
models for fledgling production, egg survival, clutch size and timing of breeding. Measures of 
prior breeding experience and age were included as linear terms and quadratic terms, as 
spline analysis and previous studies indicated quadratic relationships. All candidate base 
models for fledgling production, egg survival and clutch size included first egg-laying date 
(FED) because it is known to directly affect breeding success and influence the exposure of 
each breeding attempt to weather conditions (see Table 4.1). Once a base model had been 
selected, it was run again with one of a selection of climate indices systematically included as 
additive effects. Nest-level time windows for climate indices were adopted for use in the 
analyses of impacts on breeding success. It should be noted that nest-level climate indices for 
temporally overlapping nests are not truly independent, as they are derived from the same 
weather station data. Nevertheless, they serve to estimate the exposure of each nest to 
certain conditions. All continuous climate indices were added as a linear term only and with a 
quadratic term. Annual population density has been shown to be an important influence on 
clutch size and fledgling production (Nicoll, 2004; Nevoux et al., 2011), although this pattern 
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may be a consequence of more lower-quality territories becoming occupied as population 
density has increased (Nevoux et al., 2011). Cartwright et al. (2014) found that local density 
for each territory did not have an important influence on egg survival. In the present 
analyses, year is included as a random effect in place of annual density as a fixed effect, as the 
identification of influential nest-level climate variables could be compounded by the inclusion 
of a season-level fixed effect variable such as density. 
 
Climate indices were chosen and developed based on expected and plausible impacts on 
breeding Mauritius kestrels. In all nest-level indices, extreme rainfall events are defined as 
those exceeding the 90th percentile of all raindays (≥1 mm) in the season of interest, 
aggregated from the base period 1990/1991-2014/2015. The 90th percentile (rather than 
the 95th or 99th) is chosen to maximise the number of days sampled in the statistical 
analysis. In order to detect the influence of seasonal drought conditions on breeding success, 
binary indices were included to identify breeding attempts initiated during years when 
drought conditions occurred in the dry season (June-November). Droughts were identified as 
periods with a Standardised Precipitation Index value of ≤ -1.0 for total seasonal rainfall 
(McKee et al., 1993), based on mean seasonal rainfall for the base period 1990/1991-
2014/2015. Hot days were defined as those exceeding the seasonal 90th percentile of all days 
in the same 25-year base period. Binary indices are included to identify the overlap of nesting 
activity with one or more days on which the centre of a tropical storm or cyclone (maximum 
1-minute sustained wind ≥ 34 knots) was located within 300 km of Mt Camizard (analysed 
using QGIS version 2.18.20). Previous research and anecdotal observations, including from 
Mauritius, indicate that cyclone winds and rain regularly impact areas within 275-300 km 
(~150 nm) of the storm centre (Shepherd et al., 2007; Nicoll et al., 2017). Climate indices 
were calculated where no more than 10% of days had missing data in the time window of 
interest. 
 
Climate indices of interest were defined for an 80-day period relevant to each breeding 
attempt for the fledgling production analysis, the estimated brood phase of each nest for the 
egg survival analysis, and a 10-day window just prior to the FED for the clutch size analysis 
(Table 4.2). Indices are also calculated for the three-month period July-September (Table 
4.3), as conditions in this period at the start of the breeding season have been shown to be 
influential on the timing of egg-laying (Nicoll, 2004; Senapathi et al., 2011). August rainfall 
frequency has been shown to be important (Senapathi et al., 2011), but JAS indices are used 
here as Tmax is also analysed, and conditions in July and September may influence the onset 
of courtship and egg-laying by later breeders respectively. The 80-day indices start 10 days 
before the FED. In clutches of three or more eggs, incubation is usually initiated on the day 
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when the third egg is laid and eggs are laid at three-day intervals (M. A. C. Nicoll pers. obs.), 
thus for clutches of 1-2 eggs the incubation delay is assumed to be three days, and for 
clutches of 3-5 eggs the delay is assumed to be six days. In the case of the 80-day climate 
indices, the maximum delay of six days is assumed for all nests. The incubation period is 
assumed to be 29 days in all nests, as this usually ranges from 28 to 30 days and 29 days is 
used for the back calculation and estimation of the FED from field observations. Brood 
periods are known to range from 32 to 35 days (Cartwright et al., 2014), but the maximum of 
35 days is assumed here for all nests to account for delays in the fledging of the youngest 
nestling in broods of three or more. The relevant time window may be overestimated for 
smaller clutches because of their shorter laying delay, but most clutches in the exploratory 
analyses for breeding success (379/403) number three or more eggs. For the calculation of 
brood phase climate indices, the expected hatch day (EHD) of the first egg in each clutch was 
estimated. The EHD was estimated from the FED by adding the assumed incubation delay, 
based on the clutch size, and then the assumed incubation period of 29 days for all nests. 
Once the EHD of a clutch had been estimated, the brood period was assumed to be 35 days 
including the EHD. For the analysis of climate impacts on clutch size, indices were calculated 
for a 10-day window immediately prior to the FED. 
 
The analyses of fledgling production, egg survival and clutch size include 403 unmanaged 
first clutches from the 1990/1991 to 2014/2015 seasons, for which there are complete data 
for the variables of interest, including important variables identified in previous research and 
the climate indices to be tested. Second and third clutches were excluded because of the likely 
costs incurred during the breeding attempts that preceded relays (e.g. Hansson et al., 2000). 
The mixed-model analysis of FED includes 356 unmanaged first clutches in the 1994/1995-
2014/2015 seasons, for which there are complete data for the variables of interest, with at 
least 10 clutches per season. All data subsets are thus extracted from the period 1990/1991 
to 2014/2015. Overall trends in the timing of breeding were analysed using data from 489 
unmanaged first clutches in 20 seasons from the 1994/1995 to the 2014/2015 seasons (in 
which there are at least 10 such clutches per season with sufficient data). There are 
insufficient samples of unmanaged nests to study timing in earlier years.  
 
4.3.4 Phenological plasticity 
The exploratory analysis of climate impacts on the timing of egg-laying combines both the 
variance observed within individuals and between individuals. To disentangle these two 
sources of variance a method known as within-subject centring (van de Pol and Verhulst, 
2006; van de Pol and Wright, 2009) was applied to the most parsimonious climate index. The 
analysis of within- and between-individual phenological responses of Mauritius kestrels to 
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spring rainfall has been carried out in previous research (Senapathi et al., 2011). In the 
present study, the dataset used in the FED analyses was subset so that it contained only 
females with data on at least two breeding attempts. The same base model for the FED 
analyses was used again in these analyses. Additional models were constructed in which the 
mean of climate conditions experienced by each female across multiple years was used to 
describe the between-individual variance; the difference between this mean value for each 
female and the conditions in each year was used to describe the within-individual variance. 
To determine if the difference between the within- and between-individual variance is 
significant, as model was constructed including the original climate variable and the new 
variable for between-individual variance. To test whether there is any between-individual 
variation in the slopes of within-individual responses (reaction norms), a model was 
constructed in which a random slope for the within-individual response was added to the 
random intercept for female identity.  
 
4.3.5 Rainy season onset 
Previous research has identified December rainfall as influential on breeding success in 
Mauritius kestrels (Nicoll, 2004; Senapathi et al., 2011; Cartwright et al., 2014). To test this 
pattern further, recently developed methods (Liebmann et al., 2012; Dunning et al., 2016) 
were used to identify the onset and cessation of the rainy season (RS) in the Bambous 
Mountains. The onset and cessation of rainy seasons in the Bambous Mountains were 
analysed using the Mt Camizard rain gauge data, and identified from accumulated daily 
rainfall anomalies (Liebmann et al., 2012; Dunning et al., 2016). Leap days were removed, but 
daily values that were removed in the quality control processes were retained in the gauge 
time series, as treating missing values as zeros would strongly bias the results. First, 
harmonic analysis was used to confirm the occurrence of one or two rainy seasons per year. 
The period in which the RS usually occurs, termed the climatological water season, was then 
identified in order to account for rainy seasons that span calendar years. To identify this 
period, the climatological mean rainfall on each day of the calendar year was calculated and 
from this the climatological cumulative daily rainfall anomaly was derived. The minimum of 
these values indicates the start and the maximum indicates the end of the climatological 
water season. For each year in turn the daily cumulative rainfall anomaly was then computed. 
The onset and cessation dates were determined by finding the minimum and maximum 
respectively in the cumulative daily rainfall anomaly. This anomaly increases when daily 
rainfall is above the climatological mean daily rainfall and decreases when daily rainfall is 
below this amount.  
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The analysis of RS onset and cessation shows that the mean (±1SD) duration of the RS over 
the period 1963/1964-2014/2015 is 99.4 ± 55.2 days. The RS durations identified for the 
years 1963/1964, 1964/1965, 1965/1966, 1983/1984, 1993/1994 and 1998/1999 were 
more than 1.5 standard deviations below the mean (z-score < -1.5, duration < 17 days) and 
treated as completely missing seasons in terms of potential impacts on kestrel breeding 
success. The RS in all other years ranged from 26 days (in 1989/1990) to 209 days (in 
2014/2015). The impact of rainy season onset on breeding success was analysed using a 
sample of 433 unmanaged first clutches for which data were available on the FED, clutch size, 
fledgling production and identity of the female, and in years with at least 10 clutches with 
these data. Over this period the duration of the RS varied from 52 to 209 days. The notional 
overlap of nests with rainy season onset was estimated by calculating the expected fledging 
day (EHD + 35 days) of each clutch relative to the day of onset. The effect of overlap with 
onset was tested with linear, quadratic and cubic terms to test for nonlinearity in the effect 
on breeding success. 
 
4.3.6 Statistical analyses 
The R statistical environment (version 3.4.4; R Core Team, 2018) was used for all statistical 
analyses. Linear models, linear mixed models and generalised linear mixed models (GLMMs) 
were run with package ‘lme4’ (Bates et al., 2018). Model ranking and selection were carried 
out using package ‘MuMIn’ (Barton, 2018). The effects of explanatory variables were studied 
with the ‘effects’ package (Fox et al., 2018). The error distribution of response variables was 
assessed with the aid of histograms and Cullen and Frey graphs using the ‘fitdistrplus’ 
package (Delignette-Muller et al., 2017). FED and clutch size were assumed to follow a 
Gaussian error distribution. In fledgling production models a Poisson error distribution was 
assumed and the log-linear link function used, and in the egg survival models a binomial 
error distribution was assumed and logit link function used. Egg survival to fledging was 
modelled as two-vector matrix of eggs that fledged and eggs that failed in each nest, following 
Cartwright et al. (2014). All mixed-effects models incorporated female identity and year as 
random effects in order to control for repeated (non-independent) observations from the 
same individuals and repeated season-level conditions not included in the fixed effects. All 
continuous predictor variables in the mixed-effects models were centred and scaled, and the 
BOBYQA (Bound Optimisation By Quadratic Approximation) optimiser (Powell, 2009) was 
used in all GLMMs to facilitate model convergence. All simple fixed effects included in mixed 
models showed (generalised) variance inflation factors of < 3 (see Zuur et al., 2010). 
 
In correlation and trend analyses, Kendall’s tau and the Mann-Kendall test were used where 
the assumptions of parametric tests were not sufficiently met. Interannual trends in climate 
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indices were analysed with Mann-Kendall trend tests using the package ‘Kendall’ (McLeod, 
2011). Kendall’s tau is robust to the influence of outliers and missing data, and thus can be 
applied to a range of climate indices (e.g. Vincent et al., 2011). For trend analyses the results 
were considered significant where P < 0.05. Akaike’s Information Criterion corrected for 
sample size (AICc) was used for comparison of mixed-effects models. The threshold of ∆AICc 
< 2 was used to guide stringent model selection and interpretation while recognising that a 
threshold of ∆AICc < 7 might be more appropriate for identifying all models that are 
informative (Burnham et al., 2011). Marginal and conditional Pseudo-R2 values (Nakagawa 
and Schielzeth, 2013) were calculated for mixed models using the ‘MuMIn’ package. 
 
  
 141 
 
 
Table 4.1. Explanatory variables included in candidate base models for Mauritius kestrel first 
egg-laying date (FED), fledgling production (FP), egg survival to fledging (ES) and clutch size 
(CS), based on prior research. 
Variable Base 
model 
Description References 
FED FP, ES, 
CS 
First Egg-laying Date (days 
from 1 September) 
Burgess et al. (2011); Senapathi 
et al. (2011); Cartwright et al. 
(2014) 
Agriculture FP, ES Percentage of territory classed 
as agricultural land 
Burgess et al. (2011); 
Cartwright et al. (2014) 
Elevation FED, FP, 
ES 
Elevation (m asl) of territory Burgess et al. (2011); 
Cartwright et al. (2014) 
Cavity type FP, ES Two-level factor for natural 
and artificial cavities 
Nicoll (2004); Cartwright et al. 
(2014) 
Clutch size ES Number of eggs in clutch Burgess et al. (2011); 
Cartwright et al. (2014) 
Female 
Age 
FED Age (years) of female in pair Senapathi et al. (2011) 
Male Age FED Age (years) of male in pair Senapathi et al. (2011) 
Male PBE FED, FP, 
ES 
Prior breeding experience 
(years) of male in pair 
Burgess et al. (2008); Burgess et 
al. (2011); Cartwright et al. 
(2014) 
Pair PBE FP, ES, 
CS 
Prior breeding experience 
(years) of pair together  
Nicoll (2004) 
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Table 4.2. Nest-level climate indices incorporated into models for breeding success in 
Mauritius kestrels. Time windows: FP = 80-day period for fledgling production; ES = 35-day 
period for egg survival to fledging; CS = 10-day period for clutch size. Percentile thresholds 
and standardised precipitation index (SPI) were calculated from the standard reference 
period 1990/1991-2014/2015. 
Climate 
index 
Analysis and time 
window 
Description 
Rainfall FP, ES, CS Total rainfall (mm) on raindays (≥1 mm) 
Raindays FP, ES, CS Total number of days with ≥ 1 mm rain 
Rainfall90 FP, ES, CS Total rainfall (mm) on days that exceed the 
SONDJF 90th percentile (40.7 mm) 
Raindays90 FP, ES, CS Total number of raindays that exceed the 
SONDJF 90th percentile (40.7 mm) 
Max Dry Spell FP, ES, CS Maximum number of consecutive dry days (< 
1mm rainfall) 
Max Rain Spell FP, ES, CS Maximum number of consecutive raindays (≥1 
mm rainfall) 
Mean Tmax FP, ES Mean daily maximum temperature (°C) 
Tmax90 Days FP, ES Total number of days with maximum 
temperature over the SONDJF 90th percentile 
(30.9°C) 
Cyclone FP, ES Binary factor to indicate if there were one or 
more days when the centre of a tropical storm 
(≥ 34 knots) or cyclone was located within 300 
km of Mt Camizard 
Drought FP, ES, CS Binary factor to indicate if the breeding 
attempt coincided with drought in the dry 
season (June-November), defined as a 
Standardised Precipitation Index value of -1.0 
or lower. 
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Table 4.3. July-September (JAS) climate indices incorporated into models for timing (first egg-
laying date) in Mauritius kestrel breeding attempts. Percentile thresholds and standardised 
precipitation index (SPI) were calculated from the standard reference period 1990/1991-
2014/2015. 
Climate index Description 
Rainfall Total rainfall (mm) on raindays (≥1 mm) 
Raindays Total number of days with ≥1 mm rainfall 
Rainfall90 Total rainfall during JAS on days exceeding the JAS 90th percentile 
(20.4 mm) 
Raindays90 Total number of raindays during JAS exceeding the JAS 90th 
percentile (20.4 mm)  
Max Rain Spell Maximum number of consecutive raindays (≥1 mm) 
Mean Tmax Mean daily maximum temperature (°C) 
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4.4 Results 
4.4.1 How is breeding phenology responding to a changing climate? 
If the breeding phenology of the Mauritius kestrel is responding to a changing climate, 
systematic shifts in the timing of egg-laying would be expected. The data on the FED of 489 
unmanaged first clutches show that the timing of egg-laying has significantly advanced at the 
rate of ~0.7 days year-1 over the period 1994-2014 (N = 20 years, 13-30 clutches per year), 
based on annual mean values of FED (b = -0.675 ± 0.163, R2 = 0.488, P = 0.0006, Figure 4.1) 
and annual median values of FED (b = -0.719 ± 0.148, R2 = 0.569, P = 0.0001, Figure 4.1). 
Trends in FED for a sample of 453 of clutches with female identity recorded were nearly 
identical for annual means (b = -0.642 ± 0.168, R2 = 0.449, P = 0.0012) and medians (b = -
0.695 ± 0.146, R2 = 0.557, P = 0.0002).  
 
Phenological shifts by breeding kestrels imply that timing is responding to an aspect of the 
local climate that also shows a systematic trend. The exploratory analysis indicates that the 
timing of egg-laying is changing in response to July-September mean maximum temperature 
(JAS mean Tmax), although the frequency of raindays during the same period (JAS raindays) 
also has a delaying influence (Table A4.2) (also see Senapathi et al., 2011). A model 
incorporating quadratic terms for both JAS mean Tmax and JAS raindays shows stronger 
support (AICc = 2804.987) than a model with JAS mean Tmax only (AICc = 2810.139, Table 
A4.2), although JAS mean Tmax retains a dominant influence on FED in the model with both 
indices included (Figure 4.2). There is no support for an interaction between linear terms for 
JAS mean Tmax and JAS raindays (AICc = 2808.019) compared with an additive model with 
the same terms (AICc=2808.779). Mixed models incorporating Year as a continuous variable, 
to control for potentially confounding correlations with time (see Iler et al., 2017), confirm 
that mean Tmax and raindays are influencing FED (Table A4.3). Annual median values in 
mean Tmax 10 days before FED in the 489 clutches for which timing is analysed show no 
directional trend (b = -0.005 ± 0.017, R2 = 0.005, P = 0.762, Figure 4.3). This provides strong 
evidence that kestrels are tracking late winter-early spring warming. Mean maximum 
temperature in JAS shows an increase between 1951 and 2015 (Mann-Kendall tau = 0.482, 2-
tailed P < 0.001, N = 65, Figure 4.4), with a warming rate of 0.020°C year-1 estimated by least 
squares regression. The warming trend is also evident over the period 1994-2014 (Mann-
Kendall tau = 0.455, 2-tailed P = 0.003, N = 21), for which kestrel phenology is studied here, 
with an increase of 0.035°C year-1. 
 
Further analysis to test if the advancement of egg-laying is due to within-individual plasticity 
in female kestrels using within-subject centring (van de Pol and Verhulst, 2006; van de Pol 
and Wright, 2009), as previously applied to Mauritius kestrel phenology in response to spring 
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rainfall (Senapathi et al., 2011), shows that the population-level response to late winter-early 
spring temperature arises from both within-individual and between-individual responses 
(Table 4.4). These results confirm the presence of phenological plasticity in response to 
temperature changes. The variance between females in their within-individual responses is 
quite low (variance component = 0.810, standard deviation = 0.900), indicating that there is 
limited variation between individuals in their response to temperature changes (reaction 
norms). 
 
 
 
 
Table 4.4. Model comparison and parameter estimates in the analysis of plasticity in first egg-
laying dates of Mauritius kestrels in response to July-September mean maximum 
temperature (Mean Tmax). The models test the significance of within-individual responses 
(Within-ind.), between-individual responses (Between-ind.) and the difference between the 
within- and between-individual responses (Within-Betw. Difference). N = 308 unmanaged 
first clutches (1994/1995-2014/2015). The base model includes female age and male age 
(years) as continuous fixed effects, both with quadratic terms. All models include female 
identity and year as random effects, except where the random effects have within-individual 
responses nested in female identity (Within|Fem). ln(L) = log-likelihood. 
Model ln(L) AICc Fixed effect Coefficient 
estimate (±SE) 
P-value 
Base + Tmax 
+ Difference 
-1182.013 2384.767 Mean Tmax -3.222 ± 1.020 0.005 
Within-Betw. 
Difference 
-2.174 ± 1.039 0.041 
Base + Within 
+ Between 
-1182.299 2385.338 Within-ind. -2.455 ± 0.778 0.005 
Between-ind. -4.256 ± 0.860 <0.001 
Base + Within 
+ Between + 
(Within|Fem) 
-1181.724 2388.505 Within-ind. -2.463 ± 0.770 0.004 
Between-ind. -4.275 ± 0.848 <0.001 
Base + Tmax -1185.016 2388.636 Mean Tmax -4.474 ± 0.921 <0.001 
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Figure 4.1. Trend in mean (±SE) (blue) and median (red) first egg-laying dates (FED, days 
from 1 September) by year between 1994 and 2014. N = 20 years, 489 clutches, 13-30 
clutches per year. Trend lines fitted using least squares regression. 
 
 
 
 
Figure 4.2. Effect plot of first egg-laying date (FED, days from 1 September) (with 95% 
confidence intervals) in relation to July-September mean maximum temperature (JAS mean 
Tmax, °C), extracted from a model incorporating the effects of female age2, male age2 and 
JAS raindays2; with female identity and year as random effects. N = 356 clutches 
(1994/1995-2014/2015). 
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Figure 4.3. Trend in annual median values (with minimum and maximum shown) of mean 
maximum temperature (Mean Tmax, °C) 10 days before first egg-laying date (FED), 
between 1994 and 2014. N = 20 years, 489 clutches, 13-30 clutches per year. Trend line 
fitted using least squares regression. 
 
 
 
Figure 4.4. Trend in July-September mean maximum temperature (JAS mean Tmax, °C) by 
year between 1951 and 2015. N = 65 years. Trend line fitted using least squares regression. 
The shaded area indicates the period for which the impacts of rainy season onset on 
breeding success are analysed in this study. 
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4.4.2 How does climate impact breeding success? 
Previous research has identified rainfall in December, when there is a population-level peak 
in the brood phase of nests, as a key influence on fledgling production and egg to fledging 
survival in this species (Senapathi et al., 2011; Cartwright et al., 2014), thus rainfall exposure 
at the nest-level and brood-level is expected to affect breeding success. Analysis of nest-level 
and brood-level climate influences on breeding success in 403 unmanaged first clutches 
(1990/1991-2014/2015) indicate that rainfall indices are the most parsimonious and that 
increasing rainfall exposure throughout the active phase of nesting attempts and during the 
brood phase of nests has a negative impact on the production of fledglings and survival of 
eggs to fledging (Tables A4.4-4.7; Figure 4.5). Models incorporating total rainfall, rather than 
indices for extreme raindays only (> seasonal 90th percentile), are slightly better supported, 
suggesting that all raindays or days exceeding a threshold below the 90th percentile are 
contributing to the negative impact.  
 
Population density was originally omitted from these analyses, although the base models for 
fledgling production (AICc = 1240.650) and egg survival (AICc = 1148.417) are improved 
when density is added (AICc = 1231.124 and 1140.459 respectively). However, when FED is 
omitted from the base models (AICc = 1268.581 and 1185.098 respectively), adding density 
does not improve them (AICc = 1268.346 and 1184.875 respectively). This could occur 
because of the potentially confounding effect of systematic changes in the timing of breeding, 
which could result in a pattern of declining breeding success across years, and apparent 
negative density dependence, when FED is held constant. When FED is omitted from the base 
models for fledgling production and egg survival, the addition of rainfall still improves the 
models substantially (AICc = 1260.183 and 1166.911 respectively), implying that these 
results are not artefacts created by holding FED constant. There is no evidence to support 
climate impacts on clutch size (Table A4.9). Likewise, there is no evidence that JAS mean 
Tmax alters the seasonal decline in clutch size, as a model including only fixed effects for 
FED2 (AICc = 775.313) is not improved by JAS mean Tmax as an additive effect (AICc = 
781.237) or by an interaction between FED2 and JAS mean Tmax (AICc = 795.268). 
 
If increasing exposure to rainfall has a negative impact on breeding success, temporal 
overlaps with the summer RS would be expected to reduce fledgling production, possibly as a 
nonlinear function of the amount of overlap. The analysis of RS onset and cessation using the 
Mt Camizard rain gauge data indicates that the climatological water season, in which the RS 
usually occurs and which is based on the climatological mean rainfall for each calendar day, 
runs from 19 December to 4 May. The impact of RS timing on kestrel breeding success was 
studied for 19 years in the period 1994/1995-2014/2015, with 1998/1999 excluded due to a 
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missed rainy season (duration = 3 days) and 2006/2007 excluded due to insufficient data on 
kestrel nests. The notional overlap with RS onset was calculated as the expected fledging day 
of each clutch relative to the day of onset and ranged from –122 days to 76 days. Analyses 
show that the notional overlap of nesting with RS onset has a negative impact on fledgling 
production and that this relationship is nonlinear (Table 4.5, Figure 4.6). The extent of the 
negative impact of overlap with onset is mediated by the amount of rainfall during the first 50 
days of the RS and the amount of rainfall 50 days before onset (Table 4.5, Figure 4.7).  
 
The seasonal decline in clutch size (Figure 4.8) could influence this pattern, so I also tested 
the effect of the number of days of overlap with the RS (where no overlap = 0 days) on 
fledgling production and egg survival as an additive effect in mixed models that include FED. 
For fledgling production, a model including only a fixed effect for FED (AICc = 1318.171) is 
improved by the inclusion of an additive term for the number of days of overlap with the RS 
(AICc = 1315.128). Likewise, a model for egg survival including only FED (AICc = 1236.396) is 
improved by the same additive term for the amount of overlap (AICc = 1232.411). These 
analyses support the finding that overlap with the RS influences the decline in productivity 
within seasons. Breeding kestrels therefore incur reproductive fitness costs when nesting 
activity coincides with RS onset.  
 
As RS onset usually occurs later in the breeding season, earlier breeders would be expected 
to show less overlap with the RS. The data show that later breeding increases overlap with 
the onset of the RS (Kendall’s tau = 0.323, P < 0.0001, N = 433, Figure 4.9), indicating one of 
the mechanisms through which earlier breeding pairs tend to show higher breeding success 
(Figure 4.10). As overlap generally leads to a non-linear decrease in fledgling production, I 
compared the mean annual fledgling production, as estimated using a generalised linear 
mixed model with female identity as a random effect, in years showing no overlap (N = 5) 
with years in which at least some nesting attempts overlapped with the RS (N = 15). Years in 
which the sample of nests does not overlap with the RS tend to show higher mean fledgling 
production (median of years: 1.620, range: 1.389-2.186) than years with some overlap 
(median of years: 1.421, range: 1.176-1.807), although the difference is marginally non-
significant (Wilcoxon-Mann-Whitney test, U = 60, P = 0.053).  
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Table 4.5. Effect of notional overlap with rainy season onset (Overlap, days) and rainfall (RF, 
mm) 50 days before and after onset on fledgling production in Mauritius kestrel breeding 
attempts. N = 433 unmanaged first clutches (1994/1995-2014/2015). All models include 
female identity and year as random effects. Where quadratic and cubic terms are included 
only the highest order term is shown in the model notation for brevity. DF = degrees of 
freedom; ln(L) = log-likelihood. 
Model DF ln(L) AICc ∆AICc AIC 
Weight 
Marginal 
Pseudo-
R2 
Conditional 
Pseudo-R2 
Overlap3 × 
RF 50d after 
onset 
10 -655.377 1331.276 0.000 0.987 0.318 0.354 
Overlap3 × 
RF 50d 
before onset 
10 -659.813 1340.148 8.872 0.012 0.376 0.425 
Overlap3 6 -666.096 1344.389 13.113 0.001 0.173 0.243 
Overlap2 5 -668.628 1347.396 16.120 0.000 0.119 0.202 
Overlap 4 -674.832 1357.758 26.482 0.000 0.041 0.137 
Null 3 -682.883 1371.822 40.546 0.000 0.000 0.116 
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Figure 4.5. Effect plot of egg to fledging survival probability (with 95% confidence 
intervals) in relation to total rainfall (mm) during the brood phase of nests, extracted from 
a model incorporating the effects of first egg-laying date, agriculture proportion in 
territory, and their interaction; with female identity and year as random effects. Data 
points show raw data. N = 403 clutches (1990/1991-2014/2015). 
 
 
 
Figure 4.6. Effect plot of fledgling production (with 95% confidence intervals) in relation to 
expected fledging day (EFD) relative to rainy season (RS) onset (indicating notional 
overlap with onset in days), extracted from a model incorporating female identity and year 
as random effects. N = 433 clutches (1994/1995-2014/2015). 
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Figure 4.7. Effect plot of fledgling production (with 95% confidence intervals) in relation to 
expected fledging day (EFD) relative to rainy season (RS) onset (indicating notional 
overlap with onset in days) when there is 500 mm of rain 50 days after onset (blue line) 
and 1000 mm of rain 50 days after onset (red line), extracted from a model incorporating 
female identity and year as random effects. N = 433 clutches (1994/1995-2014/2015). 
 
 
Figure 4.8. Effect plot of clutch size (with 95% confidence intervals) in relation to first egg-
laying date (FED, days from 1 September) with a quadratic term, extracted from a model 
incorporating female identity and year as random effects. N = 433 clutches (1994/1995-
2014/2015). 
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Figure 4.9. Expected fledging day (EFD) relative to rainy season (RS) onset (indicating 
notional overlap with onset in days) in relation to first egg-laying date (FED). N = 433 
clutches (1994/1995-2014/2015). Trend line fitted using least squares regression. 
 
 
 
 
Figure 4.10. Effect plot of fledgling production in relation to first egg-laying date (FED, 
days from 1 September) (with 95% confidence intervals), extracted from a model 
incorporating female identity and year as random effects. N = 433 clutches (1994/1995-
2014/2015). 
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4.4.3 What are the fitness consequences of changes in breeding phenology? 
As the timing of egg-laying advances, the risk of overlap with the onset of the RS should 
decrease, but there is no evidence of this in the data. Years in which the population does not 
overlap with the RS tend to show higher mean fledgling production than years with overlap, 
so fledgling production might be expected to show a positive interannual trend if overlap 
were decreasing. However, there is no evidence of this pattern in the data, and annual mean 
fledgling production, as estimated using a mixed model, shows a weak non-significant 
decrease (Mann-Kendall tau = -0.253, 2-tailed P = 0.127, N = 20 years, Figure 4.11). This 
pattern seems to arise because there is no trend across years in the amount of overlap, based 
on annual mean expected fledging days (EFD) (Mann-Kendall tau = -0.006, P = 1.000, N = 19 
years, Figure 4.12) and median EFD (Mann-Kendall tau = -0.029, P = 0.861, N = 19 years, 
Figure 4.12), with slopes of -0.207 and -0.266 respectively, as estimated with least squares 
regression. Similarly, a binomial model of overlap by at least one day shows no trend over the 
study years (b = -0.008 ± 0.016, z = -0.494, P = 0.621, N = 433 clutches). This indicates that 
the trend towards earlier egg-laying is not significantly reducing the risk of overlap across 
years. The most likely explanation for these patterns is that the onset of the RS is also 
advancing. The onset of RS appears to be advancing at a rate of -0.431 days year-1 over the 
period 1966-2014 and -0.363 days year-1 over the period 1994-2014, based on least squares 
regression; a rate that is comparable to the rate at which the timing of egg-laying is 
advancing. However, there is substantial interannual variation in the estimate of RS onset, 
and the trends are not statistically significant over the period 1966-2014 (Mann-Kendall tau 
= -0.103, 2-tailed P = 0.320, N = 46 years, Figure 4.13) or 1994-2014 (Mann-Kendall tau = -
0.064, 2-tailed P = 0.721, N = 20 years).  
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Figure 4.11. Interannual trend in mean annual fledgling production, as estimated using a 
generalised linear mixed model with female identity as a random effect. N = 20 years, 453 
clutches, 13-30 clutches per year. Error bars show 95% confidence intervals. Trend line 
fitted using least squares regression. 
 
 
 
 
Figure 4.12. Trend in annual mean (±SE) (blue data points and line) and median (red data 
points and line) expected fledging day (EFD) relative to rainy season (RS) onset (indicating 
notional overlap with onset in days). N = 19 years, 433 clutches, 13-30 clutches per year. 
Trend lines fitted using least squares regression. 
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Figure 4.13. Trend in the timing of rainy season onset by year between 1966 and 2014. N = 
46 years. Trend line fitted using least squares regression. The shaded area indicates the 
period for which the impacts of rainy season onset on breeding success are analysed in this 
study. Missing data points indicate absent rainy seasons (see Methods). 
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4.5 Discussion 
The analyses in this study provide evidence that Mauritius kestrels in the Bambous 
Mountains are tracking a shifting seasonal window of favourable conditions for breeding, 
delimited at the start by late winter-early spring temperatures that affect the timing of egg-
laying and at the end by the onset of the summer RS that affects breeding success in relation 
to timing (Figure 4.14). Both of these seasonal transitions appear to be advancing, although 
there is substantial interannual variation in the timing of RS onset. As shown in ectotherms, 
abiotic factors can favour seasonal reproduction in tropical animals in a similar manner to 
their influence on temperate species (Brown and Shine, 2006). Evidence from phenological 
data supports the general expectation that endotherms are less sensitive to abiotic conditions 
(Cohen et al., 2018), and this may be assumed to be particularly true at tropical latitudes, 
where temperature variability is relatively limited (Pearce-Higgins and Green, 2014). 
However, the present study provides compelling evidence of high sensitivity to increasing 
temperatures in a tropical endotherm occupying a high trophic level. The rates of 
advancement in Mauritius kestrels are similar to those reported for some temperate bird 
populations (Both et al., 2004; Franks et al., 2017) and for animals globally (Cohen et al., 
2018).  
 
These results show that temperature plays a dominant role in influencing the breeding 
phenology of a tropical bird species, either as a direct cue or through an influence on food 
availability. It is not possible in this study to ascertain whether breeding kestrels are using 
temperature as a direct cue or tracking earlier prey availability as temperatures increase. 
Timing of breeding may be related to the breeding condition of birds as influenced by food 
availability. Cole and Harris (2011) characterised the months May-August as the cold wet 
season on Ile aux Aigrettes, an offshore islet located c.5 km from the Bambous Mountains, and 
found that diurnal activity in day geckos was lower in these months compared to other times 
of year. Furthermore, gecko delivery rates by breeding Mauritius kestrels have been shown to 
be highest in the early afternoon (13:00-15:00), when conditions are at their warmest and 
geckos are probably most active (Carter, 1991). The increases in temperature may therefore 
influence the activity patterns of geckos and thus prey availability for kestrels. Burgess et al. 
(2011) suspected that the timing of the kestrel breeding season may be influenced by gecko 
densities. The monitoring of gecko density and activity patterns would provide more insights. 
 
The results of the breeding success analyses show that early breeders tend to be more 
successful, in part because they avoid overlap with the onset of the RS, and hence reduce the 
adverse impacts of associated heavy rainfall events on fledgling production. The exploratory 
analyses indicate that extreme raindays are an important component of the rainfall impact, 
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although total rainfall has more support, suggesting that the impact threshold is below the 
90th percentile. This illustrates the challenges of using percentile thresholds for limited 
definitions of extremes in an ecological context and perhaps the need for sensitivity analysis 
to identify important thresholds. Heavy rainfall is likely to reduce hunting efficiency, hunting 
opportunities and prey availability, thus limiting the ability of adults to obtain enough food 
for their chicks (Carter, 1991; Senapathi et al., 2011). Heavy rain may also lead to 
hypothermia in chicks if nests are flooded (Senapathi et al., 2011). Therefore, in most years 
there is selection for early breeding in order to avoid an overlap of the brood phase with the 
onset of the rains and potentially with heavy rainfall. In this system, interannual variability in 
the occurrence of high impact rainfall early in the RS contributes to this abiotic selection 
pressure on the phenology of Mauritius kestrels. The advantage of earlier breeding is 
therefore amplified in years with heavy rainfall in the first weeks after the onset of the rains. 
A limitation of this analysis is that there are no data to investigate whether there are peaks in 
prey abundance that could also influence fitness and selection on timing. 
 
Despite the genetic legacy of near-extinction, the Mauritius kestrel shows adaptive 
phenological plasticity to increases in late winter-early spring temperature and consequently 
tracking of favourable climate conditions for breeding. Plasticity is important in enabling 
organisms to respond to rapid changes in their environment (Donelson et al., 2017). These 
results imply that phenological reaction norms have been retained by the population that are 
sufficient for the tracking of recent changes in the local climate. It is unclear whether further 
changes in the local climate will require responses beyond those shown by the population. It 
is already known that the Mauritius kestrel has suffered substantial genetic depletion and 
increased inbreeding since the severe bottleneck of the 1970s (Groombridge et al., 2000; 
Ewing et al., 2008). Previous research has also shown that there is very little heritable genetic 
variation for mean egg-laying date in this species (Senapathi, 2009). The fairly low variation 
in reaction norms between individual females shown in the present study also suggests that 
there is little in the way of standing genetic variation for plasticity. This could be a result of 
the population bottleneck or a small ancestral population (Senapathi, 2009), or due to 
purifying selection under predictable environmental variability (Oostra et al., 2018). Analysis 
of neutral genetic variation in the Mauritius kestrel indicates that the genetic diversity of the 
ancestral population was high and comparable to that of mainland kestrel species 
(Groombridge et al., 2000). In this species, phenotypic plasticity is likely to be very important 
under current climate change, as evolutionary adaptation to continued change may be 
constrained by depleted genetic diversity. The response observed so far in this Mauritius 
kestrel population may ‘buy time’ while future management actions are developed (e.g. 
Socolar et al., 2017). 
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Figure 4.14. Schematic diagram of changes in the seasonal window of favourable 
conditions for breeding Mauritius kestrels: The species begins egg-laying in spring as 
temperatures warm. Early breeders tend to be more successful because they complete 
nesting before the onset of the summer rainy season; whereas later breeders can get 
exposed to heavy rainfall at the start of the rainy season, reducing the number of fledglings 
they produce. In a changing climate, late winter-early spring temperatures are warming, 
which results in birds laying their eggs progressively earlier. As a result, it might be 
expected that they breed more successfully as the overlap with onset of the rainy season 
reduces, but this appears not to be the case. Breeding success and overlap remain similar, 
suggesting that the onset of the summer rainy season is also advancing in recent years. The 
estimates of the onset of the rainy season reflect this, but are also highly variable. 
 
 
 
These analyses might be limited by the use of weather data from only one rain gauge and one 
synoptic station. However, the locations of these stations should ensure that they provide 
reliable indications of conditions experienced by Mauritius kestrels in the Bambous 
Mountains. Previous research has shown that rainfall trends measured at the Mt Camizard 
rain gauge are representative of rainfall trends in other areas of the Bambous Mountains 
(Senapathi et al., 2010).  In addition, there are some limitations to the rainy season analysis 
methods used in this study. For the identification of onset and cessation, the methods require 
runs of consistent above-average precipitation, producing a pronounced increase in the 
cumulative daily anomaly, and as a consequence intermittent or light rainfall at the beginning 
or end of the season would not be considered part of the RS (Dunning et al., 2016). In general, 
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this methodology is particularly suited to regions that experience fairly consistent, well-
defined and pronounced annual rainfall seasonality (Liebmann et al., 2012). However, in the 
Bambous Mountains in eastern Mauritius the contrasts between rainy and dry seasons can be 
less pronounced. This lack of pronounced rainy and dry seasons in all years could manifest as 
high interannual variability in the timing of onset and cessation. Such variability may be 
increased through use of data from a single rain gauge. Despite this, the rate of advancement 
in onset timing observed in this study is likely to be ecologically significant, as it appears to be 
comparable to the rate of advancement in egg-laying by kestrels, there is no evidence of a 
trend in the amount of overlap between nesting activity and onset, and there is no trend in 
seasonal average breeding success. However, confidence in the estimation of the rate of 
advancement in onset is limited by high interannual variability. 
 
Very little is known about the implications of climate change for the phenology of animal 
species in the tropics. The projected emergence of some tropical regions from recent climate 
variability this century (IPCC, 2007; Mora et al., 2013; Hawkins et al., 2014) raises the 
prospect of other strong phenological changes in tropical species. When two or more metrics, 
such as precipitation and temperature, are considered this can lead to increased estimates in 
the rate of departure from recent variability that may be more relevant to ecological 
communities (Mahony and Cannon, 2018). The occurrence of novel climates by 2100 is 
projected to be most prevalent in tropical and subtropical regions, based on mean 
temperature and precipitation in summer and winter (Williams et al., 2007). Furthermore, 
climate research has indicated large-scale trends in the seasonality of rainfall in the tropics, 
with some regions seeing increasing contrast between rainy and dry seasons, while other 
regions experience a reduction in this seasonality (Feng et al., 2013). Precipitation patterns in 
the tropics are projected to change substantially during this century, although there is 
inconsistency among models (Kent et al., 2015; Chadwick et al., 2016). Such changes are 
likely to affect phenology and alter the impacts of seasonal precipitation transitions on fitness 
and population dynamics. 
 
Taken together, the results of this study suggest that Mauritius kestrels synchronise their 
breeding season with a seasonal window defined in spring by warming temperatures that 
affect the timing of egg-laying, and in summer by the onset of the rainy season, which reduces 
breeding success. This seasonal window is changing and appears to be advancing in time, 
with Mauritius kestrels appearing to be successful in synchronising their breeding season 
with this shift, with negligible fitness consequences. Shifting seasonal windows may be 
widespread phenomena through which tropical species respond to climate change. They may 
be particularly relevant to regions that have pronounced contrasts between rainy and dry 
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seasons, and their prevalence may increase towards the subtropics as annual temperature 
cycles become more pronounced. The defining characteristics of seasonal windows will 
depend on the ecology and underlying seasonality of each species and the local annual 
climate cycle. For example, rainy season onset may have negative impacts on most raptors 
but positive impacts on insectivorous and frugivorous birds, which would be expected to be 
negatively impacted by early or prolonged dry seasons (Brawn et al., 2017). Given that 
tropical regions will be among the first to emerge from recent variability into relatively novel 
climate regimes, temperature and precipitation changes in the tropics, relative to past 
variability, may be such that they result in the creation of new seasonal climate windows to 
which tropical species must synchronise their life-history events. For example, increases in 
the magnitude of rainy seasons could cause rainy season onset to become an important 
influence on fitness and demographic rates in some species. Similarly, temperature increases 
could result in increasingly shorter windows in which conditions are suitable for the 
activities of some species. A better understanding of such complex dynamics in local climate, 
and their effects on phenology, individual fitness and demography, will be essential for 
safeguarding species in a changing climate.  
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4.7 Appendix 
 
Table A4.1. Results of candidate base model analysis for first egg-laying date, using data from 356 Mauritius kestrel breeding attempts (1994/1995-
2014/2015). All models include female identity and year as random effects. Where linear and quadratic terms are included, only the quadratic term 
is shown in the model notation for brevity. DF = degrees of freedom; ln(L) = log-likelihood. 
Model DF ln(L) AICc ∆AICc AIC Weight Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Female Age2 + Male Age2 8 -1404.290 2824.996 0.000 0.936 0.181 0.427 
Female Age2 + Male PBE2 8 -1407.353 2831.121 6.125 0.044 0.167 0.406 
Male Age2 6 -1410.213 2832.667 7.671 0.020 0.163 0.415 
Male PBE2 6 -1414.758 2841.757 16.761 0.000 0.143 0.390 
Female Age2 6 -1427.019 2866.279 41.283 0.000 0.091 0.360 
Female Age + Male Age 6 -1429.154 2870.548 45.552 0.000 0.086 0.331 
Female Age + Male PBE 6 -1430.114 2872.469 47.473 0.000 0.080 0.330 
Male Age 5 -1432.931 2876.033 51.037 0.000 0.072 0.337 
Male PBE 5 -1434.442 2879.055 54.059 0.000 0.063 0.335 
Female Age 5 -1436.474 2883.119 58.123 0.000 0.054 0.300 
Elevation 5 -1445.941 2902.053 77.057 0.000 0.004 0.296 
Null 4 -1447.328 2902.771 77.775 0.000 0.000 0.278 
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Table A4.2. Results of July-September climate impacts analysis on first egg-laying date, using data from 356 Mauritius kestrel breeding attempts 
(1994/1995-2014/2015). Base model: Female Age2 + Male Age2. All models include female identity and year as random effects. Where linear and 
quadratic terms are included, only the quadratic term is shown in the model notation for brevity. DF = degrees of freedom; ln(L) = log-likelihood. 
Model Standardised climate 
index coefficient 
DF ln(L) AICc ∆AICc AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base + Mean Tmax2 -4.367/-0.778 10 -1394.751 2810.139 0.000 0.543 0.285 0.437 
Base + Mean Tmax -4.582 9 -1396.003 2810.526 0.387 0.448 0.282 0.436 
Base + Raindays2 2.494/-0.500 10 -1400.186 2821.010 10.871 0.002 0.203 0.430 
Base + Raindays 2.561 9 -1401.326 2821.171 11.032 0.002 0.204 0.426 
Base + Rainfall902 -1.684/1.109 10 -1401.489 2823.616 13.477 0.001 0.181 0.435 
Base + Max Rain 
Spell2 
-1.158/0.702 10 -1401.530 2823.698 13.559 0.001 0.180 0.437 
Base + Rainfall2 0.255/0.299 10 -1401.783 2824.204 14.065 0.001 0.177 0.436 
Base + Max Rain 
Spell 
-0.669 9 -1402.854 2824.228 14.089 0.001 0.180 0.431 
Base + Rainfall 0.711 9 -1402.900 2824.320 14.181 0.001 0.179 0.431 
Base + Raindays902 -0.388/0.013 10 -1401.856 2824.350 14.211 0.000 0.178 0.438 
Base + Raindays90 -0.376 9 -1402.955 2824.429 14.290 0.000 0.181 0.432 
Base + Rainfall90 0.056 9 -1403.028 2824.576 14.437 0.000 0.179 0.432 
Base - 8 -1404.290 2824.996 14.857 0.000 0.181 0.427 
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Table A4.3. Results of July-September climate impacts analysis on de-trended first egg-laying date, using data from 356 Mauritius kestrel breeding 
attempts (1994/1995-2014/2015). All models include female identity and year as random effects. Where linear and quadratic terms are included, 
only the quadratic term is shown in the model notation for brevity. DF = degrees of freedom; ln(L) = log-likelihood. 
Model Standardised Year 
coefficient 
DF ln(L) AICc ∆AICc 
Base + Year + Mean Tmax2 + Raindays2 -3.477 11 -1388.281 2799.330 0.000 
Base + Year + Raindays -4.701 10 -1391.437 2803.511 4.181 
Base + Year + Mean Tmax -3.043 10 -1391.637 2803.911 4.581 
Base + Year + Raindays2 -4.701 11 -1390.608 2803.984 4.654 
Base + Year + Mean Tmax2 -2.963 11 -1390.656 2804.079 4.749 
Base + Year -4.726 9 -1395.998 2810.516 11.186 
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Table A4.4. Results of candidate base model analysis for fledgling production, using data from 403 Mauritius kestrel breeding attempts (1990/1991-
2014/2015). All models include female identity and year as random effects. Where linear and quadratic terms are included, only the quadratic term 
is shown in the model notation for brevity. DF = degrees of freedom; ln(L) = log-likelihood. 
Model DF ln(L) AICc ∆AICc AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
FED + Elevation 5 -615.842 1241.835 0.000 0.276 0.160 0.202 
FED + Pair PBE2 6 -615.053 1242.317 0.482 0.217 0.157 0.208 
FED + Agriculture 5 -616.359 1242.869 1.034 0.165 0.156 0.213 
FED × Agriculture 6 -615.443 1243.099 1.264 0.147 0.183 0.235 
FED + Male PBE2 6 -616.394 1244.999 3.164 0.057 0.150 0.208 
FED + Cavity Type 5 -617.483 1245.117 3.282 0.053 0.152 0.212 
FED + Male PBE 5 -617.676 1245.503 3.668 0.044 0.149 0.210 
FED + Pair PBE 5 -617.740 1245.630 3.795 0.041 0.148 0.209 
Null 3 -640.290 1286.641 44.806 0.000 0.000 0.105 
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Table A4.5. Results from the analysis of nest-level climate impacts (during an 80-day period) on fledgling production, using data from 403 Mauritius 
kestrel breeding attempts (1990/1991-2014/2015). All models include female identity and year as random effects. The base model is a combination 
of the four highest ranking models in the candidate selection analysis and includes elevation, pair PBE2, agriculture and the FED × agriculture 
interaction. Where linear and quadratic terms are included, only the quadratic term is shown in the model notation for brevity. DF = degrees of 
freedom; ln(L) = log-likelihood.  
Model Standardised climate 
index coefficient 
DF ln(L) AICc ∆AICc AIC 
Weight 
Marginal 
Pseudo-R2  
Conditional 
Pseudo-R2  
Base + Rainfall -0.104 10 -608.639 1237.840 0.000 0.221 0.222 0.231 
Base + Rainfall90 -0.087 10 -609.306 1239.174 1.334 0.113 0.214 0.225 
Base + Raindays90 -0.086 10 -609.393 1239.346 1.506 0.104 0.214 0.225 
Base + Rainfall2 -0.092/-0.013 11 -608.586 1239.848 2.008 0.081 0.230 0.239 
Base + Raindays902 -0.058/-0.046 11 -608.691 1240.057 2.217 0.073 0.246 0.259 
Base + Rainfall902 -0.043/-0.040 11 -608.766 1240.208 2.368 0.068 0.239 0.251 
Base - 9 -611.096 1240.650 2.810 0.054 0.198 0.220 
Base + Cyclone -0.245 10 -610.275 1241.111 3.271 0.043 0.206 0.228 
Base + Raindays -0.054 10 -610.345 1241.252 3.412 0.040 0.209 0.233 
Base + Max Dry Spell2 0.046/-0.072 11 -609.505 1241.686 3.846 0.032 0.209 0.232 
Base + Raindays2 -0.040/-0.046 11 -609.587 1241.850 4.010 0.030 0.224 0.248 
Base + Max Rain Spell -0.032 10 -610.870 1242.302 4.462 0.024 0.203 0.224 
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Table A4.5 continued: 
  
Model Standardised 
climate index 
coefficient 
DF ln(L) AICc ∆AICc AIC 
Weight 
Marginal 
Pseudo-R2  
Conditional 
Pseudo-R2  
Base + Max Rain Spell2 -0.008/-0.031 11 -609.876 1242.428 4.588 0.022 0.241 0.259 
Base + Tmax90 Days 0.020 10 -611.033 1242.626 4.786 0.020 0.197 0.218 
Base + Drought -0.053 10 -611.054 1242.668 4.828 0.020 0.198 0.221 
Base + Mean Tmax 0.013 10 -611.079 1242.719 4.879 0.019 0.198 0.221 
Base + Max Dry Spell -0.007 10 -611.082 1242.725 4.885 0.019 0.198 0.220 
Base + Tmax90 Days2 0.072/-0.026 11 -610.667 1244.009 6.169 0.010 0.217 0.236 
Base + Mean Tmax2 0.009/-0.017 11 -610.960 1244.596 6.756 0.007 0.205 0.228 
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Table A4.6. Results of candidate base model analysis for egg survival to fledging, using data from 403 Mauritius kestrel breeding attempts 
(1990/1991-2014/2015). All models include female identity and year as random effects. Where linear and quadratic terms are included, only the 
quadratic term is shown in the model notation for brevity. DF = degrees of freedom; ln(L) = log-likelihood. 
Model DF ln(L) AICc ∆AICc AIC Weight Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
FED × Agriculture 6 -568.102 1148.417 0.000 0.384 0.079 0.223 
FED + Agriculture 5 -569.387 1148.926 0.509 0.297 0.067 0.219 
FED + Elevation 5 -570.537 1151.225 2.808 0.094 0.066 0.204 
FED + Pair PBE2 6 -569.507 1151.227 2.810 0.094 0.062 0.203 
FED + Male PBE2 6 -570.277 1152.765 4.348 0.044 0.060 0.207 
FED + Pair PBE 5 -571.800 1153.751 5.334 0.027 0.059 0.210 
FED + Male PBE 5 -571.934 1154.019 5.602 0.023 0.059 0.207 
FED + Cavity Type 5 -572.077 1154.305 5.888 0.020 0.059 0.206 
FED + Clutch Size 5 -572.248 1154.647 6.230 0.017 0.057 0.206 
Null 3 -592.526 1191.113 42.696 0.000 0.000 0.152 
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Table A4.7. Results from the analysis of brood-level climate impacts (during a 35-day period) on egg survival to fledging, using data from 403 
Mauritius kestrel breeding attempts (1990/1991-2014/2015). Base model: FED × Agriculture. All models include female identity and year as random 
effects. Where linear and quadratic terms are included, only the quadratic term is shown in the model notation for brevity. DF = degrees of freedom; 
ln(L) = log-likelihood. 
Model Standardised climate 
index coefficient 
DF ln(L) AICc ∆AICc AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base + Rainfall -0.193 7 -565.606 1145.495 0.000 0.199 0.085 0.222 
Base + Raindays90 -0.170 7 -566.031 1146.345 0.850 0.130 0.082 0.221 
Base + Rainfall90 -0.165 7 -566.167 1146.617 1.122 0.114 0.082 0.221 
Base + Max Dry Spell2 0.257/-0.116 8 -565.467 1147.299 1.804 0.081 0.086 0.226 
Base + Rainfall2 -0.194/0.001 8 -565.606 1147.576 2.081 0.070 0.085 0.222 
Base + Raindays902 -0.116/-0.046 8 -565.687 1147.739 2.244 0.065 0.084 0.224 
Base + Rainfall902 -0.106/-0.038 8 -565.929 1148.224 2.729 0.051 0.083 0.223 
Base - 6 -568.102 1148.417 2.922 0.046 0.079 0.223 
Base + Mean Tmax 0.154 7 -567.206 1148.695 3.200 0.040 0.081 0.226 
Base + Raindays2 -0.059/-0.099 8 -566.417 1149.200 3.705 0.031 0.086 0.230 
Base + Drought -0.355 7 -567.676 1149.635 4.140 0.025 0.079 0.224 
Base + Tmax90 Days 0.086 7 -567.685 1149.654 4.159 0.025 0.078 0.221 
Base + Cyclone -0.291 7 -567.710 1149.703 4.208 0.024 0.080 0.223 
Base + Raindays -0.066 7 -567.825 1149.933 4.438 0.022 0.080 0.223 
Base + Max Dry Spell 0.052 7 -567.890 1150.063 4.568 0.020 0.080 0.224 
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Table A4.7 continued: 
Model Standardised 
climate index 
coefficient 
DF ln(L) AICc ∆AICc AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base + Mean Tmax2 0.139/0.044 8 -566.900 1150.165 4.670 0.019 0.080 0.224 
Base + Max Rain Spell 0.050 7 -567.970 1150.224 4.729 0.019 0.078 0.224 
Base + Tmax90 Days2 0.132/-0.017 8 -567.580 1151.526 6.031 0.010 0.079 0.222 
Base + Max Rain Spell2 0.107/-0.028 8 -567.641 1151.648 6.153 0.009 0.083 0.228 
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Table A4.8. Results of candidate base model analysis for clutch size, using data from 403 Mauritius kestrel breeding attempts (1990/1991-
2014/2015). All models include female identity and year as random effects. Where linear and quadratic terms are included, only the quadratic term 
is shown in the model notation for brevity. DF = degrees of freedom; ln(L) = log-likelihood. 
Model DF ln(L) AICc ∆AICc AIC Weight Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
FED2 6 -348.882 709.977 0.000 0.486 0.189 0.342 
FED 5 -350.122 710.395 0.418 0.394 0.166 0.337 
FED2 + Pair PBE 7 -349.906 714.096 4.119 0.062 0.194 0.343 
FED + Pair PBE 6 -351.061 714.334 4.357 0.055 0.172 0.339 
FED + Pair PBE2 7 -353.519 721.321 11.344 0.002 0.172 0.344 
FED2 + Pair PBE2 8 -352.578 721.521 11.544 0.001 0.194 0.347 
Null 4 -382.451 773.003 63.026 0.000 0.000 0.224 
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Table A4.9. Results from the analysis of climate impacts (during a 10-day pre-laying period) on clutch size, using data from 403 Mauritius kestrel 
breeding attempts (1990/1991-2014/2015). Base model: FED2. All models include female identity and year as random effects. Only models <7 ∆AICc 
compared to the base model are shown. DF = degrees of freedom; ln(L) = log-likelihood. 
Model Standardised 
climate index 
coefficient 
DF ln(L) AICc ∆AICc AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base - 6 -348.882 709.977 0.000 0.590 0.189 0.342 
Base + Drought 0.167 7 -349.264 712.812 2.835 0.143 0.191 0.347 
Base + Raindays -0.063 7 -349.577 713.437 3.460 0.105 0.202 0.326 
Base + Max Rain Spell -0.047 7 -350.380 715.044 5.067 0.047 0.197 0.329 
Base + Mean Tmax 0.047 7 -350.545 715.373 5.396 0.040 0.194 0.345 
Base + Max Dry Spell 0.019 7 -351.314 716.912 6.935 0.018 0.191 0.337 
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Chapter 5 
Re-scheduling to reduce climate risks  
in a threatened tropical bird species 
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5.1 Abstract 
Threatened species conservation is expected to become more challenging under future 
climate change and managers require tools to respond to new risks. However, there are 
substantial knowledge gaps around the potential for existing management actions, such as 
supplementary food (SF) provision, to alleviate the impacts of climate change. I investigate 
these issues for reproduction in the echo parakeet (Psittacula eques), a long-lived recovering 
species, endemic to Mauritius. I show that breeding success in older females is reduced when 
their nesting attempt coincides with a tropical cyclone, therefore disrupting the age 
advantage in breeding productivity and possibility representing the mediation of 
reproductive senescence by extreme weather. Delayed egg-laying after dry conditions in late 
winter-early spring is most pronounced in younger females, probably owing to a combination 
of reduced food availability and less experience in younger birds. Delays increase exposure to 
cyclones, which tend to occur earlier after dry springs, so the window of favourable 
conditions for breeding narrows in some years. SF use advances breeding and reduces 
overlap with cyclones. Altering resource availability, for example through the provision of SF, 
represents a potentially important strategy for reducing climate risks associated with timing. 
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5.2 Introduction 
Future climate change is projected to progress at rates faster than those experienced for 
10,000 years (Hurrell and Trenberth, 2010). Such changes will threaten many species and 
ecosystems, with the number of species that are vulnerable to climate change projected to 
increase (Foden et al., 2013). Species that are unable to adapt to a changing climate, through 
physiological and behavioural plasticity, spatial or elevational range shifts, or evolutionary 
changes, are increasingly likely to face local extirpation or complete extinction (Williams et 
al., 2008; Dawson et al., 2011; Bellard et al., 2012; Moritz and Agudo, 2013). Species 
conservation and the continued protection and recovery of species that are already 
threatened are expected to become increasingly challenging under climate change (Dawson 
et al., 2011). The problem is exacerbated by poor understanding of the vulnerability of many 
species to climate change, as usually assessed through a framework of exposure, sensitivity 
and adaptive capacity (Williams et al., 2008; Dawson et al., 2011; Foden et al., 2013; Moritz 
and Agudo, 2013; Butt et al., 2016). Species that are already threatened may be at particularly 
high risk, as their capacity to adapt to changes in climate is often undermined by other 
threats, such as habitat fragmentation and invasive species (Parmesan et al., 2000; Strauss et 
al., 2006).  
 
The issue of poor knowledge regarding climate change vulnerability is particularly serious in 
the tropics, where at least 78% of species are found (Barlow et al., 2018) and the climate 
change signal is projected to emerge from recent variability in many areas this century 
(Williams et al., 2007; Mora et al., 2013; Hawkins et al., 2014). Large concentrations of 
biodiversity in tropical regions are already under acute threat from a range of anthropogenic 
processes (Brodie et al., 2012; Barlow et al., 2018), but they may also be particularly 
vulnerable to a changing climate, as they are typically adapted to a relatively narrow range of 
temperature conditions (Deutsch et al., 2008; Bonebrake and Mastrandrea, 2010). Yet, a 
shortage of detailed long-term datasets and demographic analyses on tropical species 
constrains the projection of future impacts (Brawn et al., 2017). The implications of climate 
change for species conservation and management in the tropics therefore urgently requires 
further research.  
 
Species management in the face of climate change will likely necessitate adaptive 
management strategies (Hulme, 2005; Heller and Zavaleta, 2009; Stein et al., 2013), which 
aim to adjust natural systems to expected climates (IPCC, 2014). These strategies can be 
generally classed as those aimed at facilitating shifts or expansions in species’ distributions, 
and in-situ strategies aimed at improving species’ capacities to cope with less favourable 
conditions within their original range (Heller and Zavaleta, 2009; Correia et al., 2015). In-situ 
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management actions are likely to play an important role in the future conservation of species 
unable to sufficiently adapt to climate change (Correia et al., 2015). In a changing climate, 
conservation managers will need to leverage adaptive capacity to the advantage of 
populations (Hulme, 2005; Dawson et al., 2011). For most species, in-situ management will 
be the preferred and most cost-effective option, and for some species it will be the only 
feasible option. For example, the possibilities for assisted range shifts are very limited for 
many island species.  
 
It is well established that management interventions can buffer populations against 
environmental change and variability; however, the potential for current management to 
mitigate the impacts of future climate change is rarely tested (Correia et al., 2015). 
Management strategies will be needed that respond not only to changes in average 
conditions, but also changes in extreme weather and climate events, which may pose a 
greater threat to ecosystem functioning than changes in overall climate regimes (Jentsch and 
Beierkuhnlein, 2008). Future responses of species and ecosystems are difficult to predict and 
generalise, but a deeper understanding of biological responses to extreme events is essential 
to inform management interventions (Harris et al., 2018). The interacting effects of gradual 
climate change and the occurrence of extreme events add weight to the need for adaptive 
management approaches (Harris et al., 2018). 
 
Supplementary food (SF) provision is a widely-used and globally important management 
strategy in threatened species conservation, and is generally cost-effective; however, its 
potential use for buffering the impacts of a changing climate is largely untested (Correia et al., 
2015). It has the potential to buffer against the impacts of climate change on food availability, 
which is likely to be an important mechanism through which a changing climate affects 
species (Correia et al., 2015). SF provision results in the availability of safe food sources, 
improves vital rates, alters phenology and leads to population growth (Robb et al., 2008; 
Martínez-Abraín and Oro, 2013; Correia et al., 2015). There is a shortage of empirical studies 
on how the expected benefits of SF on species viability may be influenced by climate change 
(Correia et al., 2015). It has been shown, however, that SF will likely function to buffer the 
impacts of increases in heavy rainfall and rainfall variability on a population of the hihi 
(Notiomystis cincta), although it is unlikely to prevent local extirpation as temperatures 
increase (Correia et al., 2015). This study on the hihi estimated the future effects of SF under 
climate change but did not include indices for extreme events when looking at interactions 
with climate. 
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Here, I investigate climate impacts, including those from extreme events, and interactions 
with age and supplementary feeding, on the breeding demography and phenology of the echo 
parakeet (Psittacula eques), a threatened and long-lived Psittacid that is endemic to Mauritius 
and now restricted to the southwest of the island. Anecdotal evidence for the echo parakeet 
implies that feeding behaviour is influenced by droughts (Jones, 1987), that breeding success 
is reduced in cold and rainy conditions (Jones et al., 2013), and that survival is negatively 
impacted by tropical cyclones (Jones, 1987). This species has recovered from a low of around 
20 individuals in the late 1980s (Tatayah et al., 2007) owing to intensive management, and 
now numbers over 600 birds (Gath, 2018). This achievement contributes to net 
improvements in the conservation status of vertebrate biodiversity made by Mauritius in 
recent decades (Rodrigues et al., 2014). However, such gains could be jeopardised by future 
climate change. The species is the focus of a dedicated monitoring programme, with nearly 
the entire population marked, and nearly every breeding attempt recorded (Gath, 2018). Data 
are available on the distribution of management actions in the population, allowing in-depth 
analysis of their effects (Tollington et al., 2015; Gath, 2018). I show that the species’ breeding 
phenology is re-scheduled through the provision of SF. This potentially reduces the impacts 
of tropical cyclones late in the breeding season, especially in years of delayed breeding. 
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5.3 Methods 
5.3.1 Study species 
The echo parakeet is a medium-sized psittacid that is only found on Mauritius, although the 
remnant population may represent a subspecies to an extinct taxon that once occurred on 
Reunion (see Jones et al., 2013). The species is reliant upon native forest, and feeds on plant 
material, including the fruit, flowers, leaves, buds and bark of more than 50 species (Jones, 
1987; Jones et al., 2013). It is thought to have been widespread throughout Mauritius before 
human colonisation in the 17th century, but has been restricted to the southwest of the island 
since the late 1970s, where it mainly inhabits remnant native forest in the Black River Gorges 
National Park (BRGNP) and adjacent areas (Jones and Owadally, 1988). It is currently listed 
as endangered owing to its small range and threats to its habitat (BirdLife International, 
2018).  
 
The species experienced a severe population bottleneck in the late 1980s, when it may have 
reached a low of 20 individuals (Tatayah et al., 2007). The main threats have included habitat 
destruction and invasive non-native species (Jones et al., 2013). A recovery programme was 
initiated in 1993 (Jones and Duffy, 1993), involving captive breeding and releases, nest 
manipulations, supplementary feeding and the provision and protection of nest-sites (Jones 
and Duffy, 1993; Jones et al., 2013). SF has been used by individuals in the population since 
1997, when captive-bred birds that were released were trained to use feeding hoppers 
(reviewed by Jones et al., 2013). During the years of the present study, the number of feeding 
stations increased from one to five. The reintroduction component of the recovery 
programme was halted in 2005, following an outbreak of Psittacine Beak and Feather Disease 
(PBFD) (Kundu et al., 2012; Tollington et al., 2015). The outbreak of PBFD has been linked to 
reduced breeding success in supplementary fed (SFed) pairs during some seasons, suggesting 
that the provision and use of SF at communal feeding stations is linked to the transmission of 
the Beak and Feather Disease Virus (BFDV) (Tollington et al., 2015; Gath, 2018).  
 
The species has been regarded as having three putative subpopulations (Tollington et al., 
2013), although two are recognised in this study: 1) Grande Gorge and 2) Bel Ombre, located 
in and around the BRGNP. Echo parakeets can breed at two years of age, but most transition 
to breeders at three years of age or older (Gath, 2018). The species’ longevity in the wild is 
not known, but it is thought to be similar to the closely-related ring-necked parakeet (P. 
krameri), which lives for up to 25 years (Gath, 2018). This is regarded as likely, given that 
several breeding echo parakeets are aged over 15 years. The breeding season spans from the 
austral spring into summer, stretching from August through to March; as such it encompasses 
two calendar years and is referred to using both years, e.g. 2005/2006. At 53-69 days old the 
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nestlings fledge, after which they may accompany their parents for 2-3 months (Jones, 1987; 
Young, 1987; Thorsen et al., 1997). 
 
5.3.2 Study area 
This study focuses on both subpopulations of the echo parakeet in southwestern Mauritius. 
Grande Gorge is the larger subpopulation, with 76 breeding pairs in the 2013/2014 season, 
compared with 28 pairs at Bel Ombre. The two subpopulations are separated by a c.2 km-
wide plateau of agricultural land and degraded habitat (Gath, 2018). The area is 
topographically varied and parakeet nest-sites are estimated to range from 199 to 724 m asl, 
based on location coordinates and a 30-m resolution digital elevation model (NASA SRTM 
version 3.0). The area holds most of the remnant native forest in Mauritius, although much of 
it has been invaded by non-native species, such as strawberry guava (Psidium cattleianum) 
and privet (Ligustrum robustum) (Thorsen et al., 1997). Large areas of forest are now being 
cleared of invasive species. Vegetation types range from upland scrub and dwarf forest at 
high elevations to dry tropical forest at lower elevations. Spatial rainfall modelling by Staub et 
al. (2014) indicates that the highest elevation areas of the Black River Gorges region receive 
large rainfall totals compared to most areas of the island.  
 
Mauritius has a tropical seasonal climate (Safford and Hawkins, 2013), influenced by the 
Southeast Trade Winds and summer cyclone season. Rainfall in Mauritius can be divided into 
two broad seasons, with the Southeast Lesser Monsoon from June until November, and the 
Northwest Monsoon and cyclone season from December until May (Senapathi et al., 2010). In 
general, ~40% of total annual rainfall occurs in January-March (Staub et al., 2014). 
 
5.3.3 Ecological data 
An intensive monitoring programme for the echo parakeet has accompanied the recovery 
programme since 1991, and was made official in 1993 (Gath, 2018). The monitoring 
programme was intensified in 2005 when management intensity was reduced following the 
outbreak of PBFD. Almost all individuals (>95%) in the population are fitted with coloured 
leg rings, allowing them to be identified in the field. Data on SF use are collected during 
regular observations at feeding stations. Observations at feeding stations are carried out on 
four days per week and last one hour, beginning at dawn (Gath, 2018). The main feeding 
station at Plaine Lievre has been monitored most consistently, with more intermittent 
observations at Brise Fer, Mare Longue and Bel Ombre. Once a month, a full day watch at Bel 
Ombre is carried out (Gath, 2018).   
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Data on individual nesting attempts are collected as part of the species recovery programme. 
The majority of breeding attempts are found and documented. Data are usually collected on 
first egg-laying date (FED), clutch size and number of fledglings. Where possible, the identity 
of the female and male are noted and from this the age and prior breeding experience of the 
pair can often be calculated. Data are also available on nest-site characteristics. The data used 
in this study are drawn from a recently compiled studbook (Gath, 2018), with a total of 867 
wild breeding attempts with known clutch size from 1991/1992 to 2013/2014; in this study, 
a breeding attempt is defined as the laying of at least one egg. The analyses of timing of 
breeding and breeding success in the present study include first clutches for which there are 
complete data for the variables of interest, including known clutch size, and complete data for 
all of the climate variables of interest. Only first clutches are included because the success of 
second clutches may be affected by the costs incurred by parent birds during the previous 
breeding attempt (following Tollington et al., 2015). Second clutches are rare, with only 42 
recorded up until and including the 2013/2014 breeding season. 
 
5.3.4 Meteorological data 
Rain gauge data from Petrin (20°24’S, 57°28’E, 655 m asl) (contributed by Mauritius 
Meteorological Services) are used to assess direct impacts on breeding echo parakeets. The 
Petrin rain gauge is situated close to nest sites and feeding stations in the Black River Gorges 
area, with all spatially-referenced nest sites located within 10 km of the rain gauge. Mean 
annual rainfall at Petrin is ~3500 mm. Spatial modelling by Staub et al. (2014) indicates that 
the Bel Ombre population experiences less rainfall overall; however, the next nearest rain 
gauge (Bel Ombre settlement) is located in a drier area, thus the data from Petrin are applied 
to the entire population. Daily temperature data and additional daily rainfall data were 
obtained from the nearest available synoptic weather station at Vacoas (20°17’S, 57°29’E, 
424 m asl) via NOAA (US National Oceanic and Atmospheric Administration) in the form of 
the GHCN (Global Historical Climatology Network) and GSOD (Global Summary of the Day) 
inventories, which were merged to minimise the number of days with missing data. Quality 
control of rainfall and temperature data included homogeneity tests, as well as removal of 
consecutive repeat precipitation values (following Gallego et al., 2011). None of the datasets 
showed inhomogeneities, although the rainfall time series for Petrin was too short for these 
tests. It should be noted that the weather station at Vacoas is located in an urban area; 
however, the temperature data have not been adjusted for these analyses as they still provide 
evidence of relative temperature variation across days and seasons that may affect parakeets. 
Tropical cyclone best track data were obtained in the form of ESRI shapefiles from the 
IBTrACS (International Best Track Archive for Climate Stewardship) database (Knapp et al., 
2010) via NOAA. These data include 6-hourly positions and intensity estimates. 
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Inhomogeneities in intensity estimation in the Indian Ocean dataset exist owing to the 
repositioning of a satellite and thus improvement of the view angle in 1998 (Elsner et al., 
2008; Kossin et al., 2013), although these are difficult to remove without re-analysing 
satellite images (Kossin et al., 2013). These inhomogeneities may affect the cyclone data used 
in this study, although the analyses of cyclone impacts on parakeets are conducted using data 
collected after 1998. 
 
5.3.5 Exploratory analyses 
I explored the impacts of selected climate indices on 1) fledgling production, 2) egg survival, 
3) clutch size and 4) timing of breeding, using (generalised) linear mixed models. Each set of 
exploratory analyses followed two stages; first, a base (or background) model (e.g. Öberg et 
al., 2015) was chosen by running a selection of candidate models based on prior evidence of 
which variables, other than climate indices, are thought to be important to the timing of 
breeding or breeding success (Table 5.1); and second, climate indices (Tables 5.2 and 5.3) 
were incorporated into the selected base model to test for an effect. Candidate base models 
were formulated to represent realistic hypotheses based on prior research. All candidate base 
models for measures of breeding success included FED, as it has an important direct influence 
on fitness (Tollington et al., 2015; Gath, 2018), and affects the exposure of breeding pairs to 
weather conditions. All candidate base models for fledgling production, egg survival and 
clutch size also included female age and SF use, as prior evidence indicates that they are 
influential on breeding success (Tollington et al., 2015; Gath, 2018), and interactions of these 
variables with climate indices would be tested at a later stage. Population density is not 
included in the analyses in the present study, as there is no prior evidence of density 
dependence in the breeding success of this population. Mean annual productivity has shown 
increases as the population has increased (Jones et al., 2013), suggesting that there is no 
negative density dependence, at least in the presence of conservation management. 
 
Once a base model had been selected, it was run again with one of a selection of climate 
indices systematically included as additive effects. FED models were run with climate indices 
for the period July-September (JAS), at the start of the breeding season. Research on the 
Mauritius kestrel (Falco punctatus), which has a similar breeding season, has shown that 
conditions in JAS are influential on timing (Nicoll, 2004). Fledgling production models were 
run with 95-day nest-level indices to test for effects from conditions during and just prior to 
the active phase of each breeding attempt. Incubation and brood climate indices were applied 
to egg to fledging survival, as conditions during the incubation and brood phases were 
expected to have strong effects on the survival of eggs and nestlings. Indices for a period of 10 
days prior to egg-laying were applied to the analysis of clutch size. It should be noted that 
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nest-level climate indices for temporally overlapping nests are not truly independent, as they 
are based on the same weather station data. Nevertheless, they serve to estimate the 
exposure of each nest to certain conditions. All indices were added as a linear term only and 
with a quadratic term to test for non-linear effects. Interactions of climate indices were tested 
with SF use and female age, as these were judged as likely to modify climate influences. Echo 
parakeets receive other management interventions, such as the provision of artificial nest-
boxes; however, only interactions of climate with SF use are tested here. This is because any 
effect of nest type on climate impacts is most likely to be detected using climate data of very 
high spatial resolution, which are not available, whereas climate interactions with SF use are 
more readily testable with data from a single weather station, as most of the population 
utilises a limited number of feeding stations and climate variation is expected to influence 
natural food availability for the entire population. Climate impacts on this long-lived species 
have not been studied previously at the population level, so interactions with female age 
were included to test for climate effects on age-dependent reproductive success. Age is 
defined as a two-level factor, for females aged 2-5 years and those aged 6+ years, based on 
the average age of ~6 years for breeding females in the study period. This division of age 
classes allows relatively balanced sampling in all years of the study. Female age, and not male 
age, is used here as there are more data available on female breeding birds and female age is 
expected to be more strongly linked to the breeding fitness of pairs. 
 
I estimated the incubation and brood phases of each nest from the FED of each clutch. Egg-
laying occurs at one- or two-day intervals, with incubation usually starting when the first or 
second egg is laid, and occasionally when the last egg is laid (Jones et al., 2013). For the 
calculation of the incubation and brood phases of each breeding attempt it was assumed that 
incubation always starts when the first egg is laid. For each clutch, an incubation period of 25 
days is assumed, as this is the assumption used in the back calculation of FED from field 
observations. The expected hatch day (EHD) was therefore always assumed to be 25 days 
after the FED. The brood period has been documented as varying from 50 to 69 days in wild 
nests (Jones et al., 2013), thus for the brood-level climate indices the brood phase is always 
assumed to be 60 days (EHD + 59 days). It should be noted that for large clutches, not all 
chicks will fledge after 60 days, owing to some eggs being laid after the start of incubation. 
The 95-day nest level indices were calculated from the total time window including the 
incubation phase, brood phase and a period of 10 days prior to the FED. The expected 
fledging day (EFD) is always assumed to be 60 days after the EHD. Based on the data and 
these calculations, in the sample of 533 clutches used in the exploratory analyses of breeding 
success the earliest FED was 9 August and the latest EFD was 12 March. These estimates of 
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the timing of breeding attempts were used to estimate temporal overlap with high impact 
events and thus test whether timing influences such impacts. 
 
Climate indices (Tables 5.2 and 5.3) were chosen based on plausible and expected impacts on 
breeding echo parakeets, and include measures of extreme rainfall, rain and dry spells, 
droughts, cyclone conditions and cold days, as well as indices that characterise more general 
weather conditions such as total rainfall, number of raindays and average maximum 
temperature. I expected the species to be impacted by cold days, rather than hot days, 
because much of its current range is in high elevation areas, and anecdotal observations 
suggest that egg mortality during incubation is linked to cold rainy days (Jones et al., 2013). 
Egg-laying starts in late August, with fledging typically until early March (e.g. Jones et al., 
2013), thus extreme raindays and temperatures are defined based on percentiles for the 25-
year standard base period August-March 1990/1991-2014/2015.  
 
For the purpose of calculating climate indices, I defined extreme rain events as those 
exceeding the 90th percentile of all raindays (≥1 mm) aggregated from the season of interest 
during the standard base period 1990/1991-2014/2015. The 90th percentile (rather than 
the 95th or 99th) was chosen to maximise the number of days sampled in the statistical 
analysis, while recognising that this includes mostly ‘moderate extremes’ (Klein Tank et al., 
2009; Alexander, 2016; Easterling et al., 2016). Raindays were subset first so that the 90th 
percentile relates to rainfall events rather than to all days including dry days, as this analysis 
is concerned with the impacts of intensities at the extreme end of the distribution of events. 
The 90th percentile was calculated for the breeding season only so that this relates to 
extreme conditions that parakeets experience relative to conditions when they are 
undertaking particular behaviour. Likewise, cold days are defined as those below the 10th 
percentile of all days aggregated across the base period 1990/1991-2014/2015. It should be 
noted that the percentile thresholds for rainfall and temperature will have different return 
times because rainfall thresholds are based on the subset of raindays only. In order to detect 
the influence of seasonal drought conditions on breeding success, binary indices were 
included to identify breeding attempts initiated during years when drought conditions 
occurred in the dry season (June-November). Droughts were identified as periods with a 
Standardised Precipitation Index value of ≤ -1.0 for total seasonal rainfall (McKee et al., 
1993), based on mean seasonal rainfall for the base period 1990/1991-2014/2015. All 
climate indices were only calculated where no more than 10% of days had missing data in a 
given time window. 
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5.3.6 Further analyses of climate impacts on breeding success 
The exploratory analyses of climate impacts on breeding success shows only weak support 
for an effect of mean maximum temperature (Mean Tmax) on fledgling production (Table 
A5.2). There is no support for effects from climate and interactions between climate, age and 
SF on clutch size (Table A5.6). There is strong support for effects on egg survival from an 
interaction between age and the occurrence of tropical storms and cyclones (hereafter 
referred to as cyclones), as well as from Mean Tmax (Table A5.4). Cyclone occurrence was 
defined as the presence of a cyclone of tropical storm strength or higher (1-minute maximum 
sustained wind speed ≥34 knots) whose centre was located within 300 km of the study site 
(analysed using QGIS version 2.18.20). Previous research and anecdotal observations, 
including from Mauritius, indicate that cyclone winds and rain regularly impact areas within 
275-300 km (~150 nm) of the storm centre (Shepherd et al., 2007; Nicoll et al., 2017). I 
carried out further analysis to assess the effect of temporal overlap with cyclones on egg 
survival. For this I used a subset of 415 first clutches with breeding success data recorded in 
years where the centre of at least one cyclone passed within 300 km of Petrin. As cyclones are 
temporally discrete events that usually occur late in the parakeet breeding season, I also 
investigated the influence of reproductive timing on exposure to cyclones. Temporal overlap 
with the first cyclone of the season was calculated as the EFD relative to the first cyclone day. 
 
5.3.7 Further analysis of climate influences on breeding phenology 
Exploratory analyses of impacts from climate indices for late winter-early spring (July-
September) on FED indicate that total rainfall (JAS rainfall) is the most parsimonious index 
(Table A5.8). FED and its relationship with JAS rainfall may be influenced by the age of birds 
and their use of SF. Further analyses were conducted using a subset of 568 first clutches in 
the period 2004/2005-2013/2014, a period in which supplementary feeding had become 
successful and female age was frequently recorded. In these years there are unbalanced 
samples of clutches representing SFed and non-SFed pairs and the age range of breeding 
females. JAS rainfall is therefore treated as a categorical variable, with years categorised 
based on the Standardised Precipitation Index (SPI) for JAS rainfall; years with SPI ≤ -1.0 are 
classed as ‘Drought’, those with SPI > -1.0 and <1.0 classed as ‘Normal’, and years with SPI ≥ 
1.0 classed as ‘Wet’ (McKee et al., 1993; WMO, 2012). Linear mixed models and linear 
quantile mixed models were used to estimate the overall influence of SF on mean and median 
FED when controlling for year. 
 
5.3.8 Effects of phenology and management on exposure to climate risks 
The influence of SF use on exposure to cyclones was tested using a subset of 450 first clutches 
in years where the centre of at least one cyclone occurred within 300 km of Petrin. Linear 
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mixed models and quantile linear mixed models were used to estimate the overall influence 
of SF on the mean and median overlap with cyclones when controlling for year. I calculated 
the seasonal time window of favourable conditions for breeding as the number of days 
between the median FED and day of the first cyclone. The median FED, rather than the mean, 
was used because it is expected to be closer to the population-level peak in egg-laying. I 
carried out analyses to investigate whether JAS rainfall has any correlation with the timing of 
cyclones and the breeding time window. 
 
5.3.9 Statistical analyses  
The R statistical environment (version 3.4.4; R Core Team, 2018) was used for all statistical 
analyses. The error distribution of response variables was studied with histograms and 
Cullen and Frey graphs in the ‘fitdistrplus’ package (Delignette-Muller et al., 2017). In 
correlation and trend analyses, where the assumptions of parametric tests were not 
sufficiently met the non-parametric Kendall and Mann-Kendall tests were used. Linear 
regression, linear mixed models and generalised linear mixed models (GLMMs) were run 
with package ‘lme4’ (Bates et al., 2018). The package ‘lmerTest’ was used to estimate the 
significance of coefficients in linear mixed models based on Satterthwaite’s degrees of 
freedom method (Kuznetsova et al., 2018). Linear quantile mixed models were run with the 
‘lqmm’ package (Geraci, 2018). The Mann-Kendall trend test was applied using the ‘Kendall’ 
package (McLeod, 2011). 
 
Mixed models always included female identity and year as random effects to account for the 
replication of individual-level and season-level conditions not included in the fixed effects. In 
the clutch size and timing of breeding models I assumed a Gaussian error distribution. In the 
fledgling production models, I assumed a Poisson error distribution and used the log-linear 
link function, and in the egg survival models I assumed a binomial error distribution and used 
the logit link function. I modelled egg to fledging survival as a two-vector matrix of eggs that 
fledged and eggs that failed in each nest (following Cartwright et al., 2014). In mixed models, 
all continuous explanatory variables were centred and scaled before analysis in order to aid 
model convergence and parameter estimation. All mixed models for fledgling production and 
egg survival were run with the BOBYQA (Bound Optimisation By Quadratic Approximation) 
optimiser (Powell, 2009) to facilitate model convergence. All simple explanatory terms 
showed (generalised) variance inflation factors (VIFs) of < 3 (see Zuur et al., 2010), except for 
temperature indices in the fledgling production and egg survival models. These terms 
showed higher VIFs owing to correlation with FED, although all values were < 7.  
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Mixed model ranking and selection, and extraction of Pseudo-R2 values (Nakagawa and 
Schielzeth, 2013), were carried out using package ‘MuMIn’ (Barton, 2018). Akaike’s 
Information Criterion corrected for sample size (AICc) was used for the comparison of mixed 
models. The threshold of ∆AIC < 2 is used for stringent model selection and interpretation 
while recognising that a threshold of ∆AIC < 7 may be more appropriate for identifying all 
informative models (Burnham et al., 2011). The effects of explanatory variables were studied 
and extracted with the ‘effects’ package (Fox et al., 2018). 
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Table 5.1. Explanatory variables included in candidate base models for echo parakeet first 
egg-laying date (FED), fledgling production (FP), egg survival (ES) and clutch size (CS). 
Explanatory 
variable 
Response 
variables 
Description References 
FED FP, ES, CS First egg-laying date (days from 1 
August) 
Tollington et al. 
(2015); Gath 
(2018) 
Subpop FED, FP, 
ES, CS 
Two-level factor identifying 
subpopulations (Grande Gorge and 
Bel Ombre) 
Gath (2018) 
Outbreak FED, FP, 
ES, CS 
PBFD Outbreak Phase: Factor for 
1997/1998-2003/2004 as pre-
outbreak, 2004/2005 as early 
outbreak, 2005/2006 as main 
outbreak, and 2006/2007 onwards 
as post-outbreak 
Tollington et al. 
(2015); Gath 
(2018) 
SF FED, FP, 
ES, CS 
Two-level factor for use of 
supplementary food 
Tollington et al. 
(2015); Gath 
(2018) 
Age FED, FP, 
ES, CS 
Two-level factor for the age (years) 
of the female in pair; 2-5 years, 6+ 
years 
Tollington et al. 
(2015); Gath 
(2018) 
Elevation FED, FP, 
ES, CS 
Elevation (m asl) of each nest site, 
estimated from coordinates of nest 
site locations and a 30m-resolution 
digital elevation model (NASA SRTM 
version 3.0) 
Not previously 
tested for this 
species in 
published 
literature 
Nest Type FED, FP, 
ES, CS 
Two-level factor to denote natural 
cavities and artificial nest-boxes 
Unpublished 
analyses (see Jones 
et al., 2013) 
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Table 5.2. Climate indices for nest-level time windows relating to fledgling production (FP), 
egg survival to fledging (ES) and clutch size (CS) in echo parakeet breeding attempts. 
Percentile thresholds and standardised precipitation index (SPI) were calculated from the 
standard reference period 1990/1991-2014/2015. 
Climate index Response 
variables 
Description 
Rainfall FP, ES, CS Total rainfall (mm) on raindays (≥1 mm) 
Raindays FP, ES, CS Total number of days with ≥1 mm rain 
Rainfall90 FP, ES, CS Total rainfall on days exceeding August-March 90th 
percentile (37.0 mm) 
Raindays90 FP, ES, CS Total raindays exceeding August-March 90th 
percentile (37.0 mm) 
Max Rain Spell FP, ES, CS Maximum number of consecutive raindays (≥1 mm) 
Max Dry Spell FP, ES, CS Maximum number of consecutive dry days (<1 mm) 
Drought FP, ES, CS Binary classification whether drought conditions occur 
during the dry season (SPI-6* for JJASON <-1.0) 
Mean Tmax FP, ES, CS Mean daily maximum temperature (°C), using data 
from Vacoas 
Tmax10 Days FP, ES, CS Number of days with maximum temperature below the 
August-March 10th percentile for Vacoas (21.9°C) 
Cyclone FP, ES Binary classification of whether at least one tropical 
storm or cyclone (1-minute maximum sustained wind 
speed ≥ 34 knots) occurred (the centre was located 
within 300 km of Petrin) 
*SPI-6 = Six-month Standardised Precipitation Index based on total rainfall. 
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Table 5.3. July-September (JAS) climate indices included in models for the analysis of timing 
of breeding in echo parakeets. Percentile thresholds and standardised precipitation index 
(SPI) were calculated from the standard reference period 1990/1991-2014/2015. 
Climate index Description 
Rainfall Total seasonal rainfall (mm) on raindays (≥1 mm) 
Raindays Total number of days in season with ≥1 mm rain 
Rainfall90 Total rainfall on days exceeding the JAS 90th percentile (25.5 
mm) 
Raindays90 Total raindays exceeding the JAS 90th percentile (25.5 mm) 
Drought Binary classification whether drought conditions occur during 
JAS (SPI-3* ≤-1.0) 
Max Rain Spell Maximum number of consecutive raindays (≥1 mm)  
Mean Tmax Mean daily maximum temperature (°C) at Vacoas 
*SPI-3 = Three-month Standardised Precipitation Index based on total rainfall. 
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5.4 Results 
5.4.1 Climate impacts on breeding success 
Exploratory analyses reveal that the coincidence of a cyclone with nesting attempts reduces 
egg to fledging survival when the breeding female is in the older age group (Figure 5.1, Table 
A5.4), although this interaction is not supported for fledgling production (Figure 5.2, Table 
A5.2). Females in the older age group lay larger clutches (b = 0.255 ± 0.050, t = 5.097, P < 
0.0001, N = 533 unmanaged first clutches, 2005/2006-2013/2014, extracted from base 
model, see Appendix), and the interaction effect of age and cyclone coincidence on egg 
survival could be linked to the additional effort needed to raise a larger clutch. However, this 
egg survival model (AICc = 1348.158, Table A5.4), is more parsimonious than a model in 
which the cyclone × age interaction is replaced by a cyclone × clutch size interaction (AICc = 
1351.483) and a model with a cyclone × age × clutch size interaction (AICc = 1350.068).  
 
The interaction between cyclone occurrence and age could arise through other interactions 
with correlated variables. Older females are generally more likely to nest in natural cavities, 
although this pattern has reduced as the population has aged (based on the dataset used here 
(N = 533) in the 2005/2006 season the mean age (± SE) of females using natural cavities was 
5.21 ± 0.50 years (N = 14), compared with 4.12 ± 0.34 years using artificial cavities (N = 25); 
in the 2013/2014 season the mean age of females using natural cavities was 8.36 ± 1.23 years 
(N = 11), compared with 8.05 ± 0.36 years using artificial cavities (N = 76)) and older females 
are generally less likely to take SF, although again the gap has narrowed as the population has 
aged (in the 2005/2006 season the mean age of females in pairs not using SF was 5.67 ± 0.41 
years (N = 9), compared with 4.17 ± 0.34 years in pairs using SF (N = 30); in the 2013/2014 
season the mean age of females in pairs not using SF was 8.20 ± 0.90 years (N = 20), 
compared with 8.06 ± 0.37 years in pairs using SF (N = 67)), so interactions of cyclone 
occurrence with these factors were also tested. Adding nest type to the model does not 
improve it (AICc = 1350.132). Equivalent models in which the cyclone × age interaction is 
replaced by cyclone × nest type (AICc = 1354.898) and cyclone × nest type × SF use (AICc = 
1353.100) are less parsimonious compared with the original cyclone × age interaction. This 
implies that the cyclone × age interaction is not confounded by other potential interactions.  
 
Analysis of the effect on egg survival of the temporal overlap of nesting attempts with the first 
cyclone of the season reveals a non-linear change in nesting attempts by older females (Table 
5.4, Figure 5.3). Data from the 2005/2006-2013/2014 seasons show that the temporal 
overlap with the first cyclone of the season increases as the FED gets later (Kendall’s tau = 
0.355, P < 0.0001, N = 415, Figure 5.4). Using the same data, it can be shown that there is 
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decreasing overlap of breeding attempts and cyclones as the first cyclone occurs later 
(Kendall’s tau = -0.715, P < 0.0001, N = 415, Figure 5.5). 
 
 
 
 
 
Figure 5.1. Effect of brood phase cyclone occurrence (Brood cyclone) on egg survival in 
clutches where the age of the female is 2-5 years (blue data points) and 6+ years (red data 
points), extracted from a model including first egg-laying date (FED), subpopulation, and 
PBFD outbreak phase × SF use, with female identity and year as random effects. N = 533 
unmanaged first clutches (2005/2006-2013/2014). Error bars show 95% confidence 
intervals. 
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Figure 5.2. Effect of nest-level cyclone occurrence (Nest cyclone) on fledgling production in 
clutches where the age of the female is 2-5 years (blue data points) and 6+ years (red data 
points), extracted from a model including first egg-laying date (FED) and PBFD outbreak 
phase × SF use, with female identity and year as random effects. N = 533 unmanaged first 
clutches (2005/2006-2013/2014). Error bars show 95% confidence intervals. 
 
 
Figure 5.3. Effect of temporal overlap of nesting attempts with a cyclone (expected fledging 
day (EFD) relative to the first cyclone of the season) on egg survival (with 95% confidence 
intervals) in clutches where the age of the female is 2-5 years (blue line) and 6+ years (red 
line), extracted from a model with female identity and year as random effects. N = 415 
unmanaged first clutches, 7 seasons in period 2005/2006-2013/2014. 
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Figure 5.4. Expected fledging day (EFD) relative to first cyclone of the season plotted 
against first egg-laying date (FED, days from 1 August). N = 415 unmanaged first clutches, 7 
seasons in period 2005/2006-2013/2014. 
 
 
 
 
Figure 5.5. Expected fledging day (EFD) relative to first cyclone of the season plotted 
against first cyclone day. N = 415 unmanaged first clutches, 7 seasons in period 
2005/2006-2013/2014. 
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Table 5.4. Comparison of models of egg survival in relation to temporal overlap (days) of 
nesting attempts with the first cyclone of the season (expected fledging day relative to first 
cyclone day) and interactions with female age (Age). All models include female identity and 
year as random effects. N = 415 unmanaged first clutches (2005/2006-2013/2014). DF = 
degrees of freedom; ln(L) = log-likelihood. 
Model DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-
R2 
Conditional 
Pseudo-R2 
Cyclone 
overlap2 × 
Age 8 -539.956 1096.267 0.000 0.821  0.064 0.259  
Cyclone 
overlap3 × 
Age 10 -539.907 1100.359 4.092 0.106  0.059 0.245  
Cyclone 
overlap2 5 -545.794 1101.736 5.469 0.053  0.041 0.228  
Cyclone 
overlap3 6 -545.772 1103.749 7.482 0.019  0.036 0.218  
Cyclone 
overlap 4 -552.261 1112.620 16.353 0.000  0.018 0.183  
Null 3 -553.970 1113.998 17.731 0.000  0.000 0.154  
Cyclone 
overlap × 
Age 6 -551.073 1114.352 18.085 0.000  0.029 0.202  
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5.4.2 Climate influences on breeding phenology   
There is no interannual trend in FED at the population level, based on annual means (Mann-
Kendall tau = 0.015, 2-tailed P = 0.967) and annual medians (Mann-Kendall tau = 0.082, 2-
tailed P = 0.679), with trends of 0.221 days year-1 and 0.181 days year-1 respectively, 
estimated using least squares regression (N = 17 years in period 1996-2013, 732 clutches in 
total; 11-96 clutches per year). There is, however, interannual variability in timing, with the 
population advancing egg-laying in some years, e.g. 1999, 2002, 2007 and 2008 (Figure 5.6). 
A mixed model with constant FED across years (AICc = 5532.695) is substantially improved 
by the inclusion of an effect for year (AICc = 5317.610). This implies that timing is responding 
to an aspect of the environment that shows interannual variability but no systematic trend.  
 
Exploratory mixed-model analysis, using a subset of 658 first clutches in 1997/1998-
2013/2014 for which data on female identity and late winter-early spring (July-September, 
JAS) weather conditions are available (Table A5.7), shows that FED is most strongly 
influenced by JAS rainfall with a quadratic term (AICc = 5333.814), with earlier breeding in 
springs with more rainfall (Figure 5.7). Interactions of rainfall with subpopulation and 
elevation improve the model (AICc of 5319.008 and 5331.278 respectively), which implies 
that rain gauge measurements at Petrin are more indicative of conditions experienced by 
certain parts of the population. There is no significant trend in JAS rainfall at Petrin in the 
period 1987-2015 (Mann-Kendall tau = -0.071, 2-tailed P = 0.617, N = 27 years, Figure 5.8) or 
1996-2013 (Mann-Kendall tau = -0.170, 2-tailed P = 0.327, N = 17 years). However, Vacoas 
shows a negative trend in JAS rainfall between 1961 and 2015 (Mann-Kendall tau = 0.239, 2-
sided P = 0.015, N = 50 years, Figure 5.8), with a trend of -1.84 mm year-1, as estimated using 
least squares regression. It appears, therefore, that JAS rainfall in the central-western uplands 
of Mauritius has shown interannual variability and no clear trend since the mid-1990s, but 
with a longer-term decreasing trend evident since the early 1960s. 
 
Mixed model comparisons using a smaller subset of data (Table 5.5) indicate that both SF and 
age modulate the response of breeding pairs to JAS rainfall. There is strong support for an 
interaction between SF use and JAS rainfall, but the most parsimonious model includes a 
three-way interaction between JAS rainfall, SF use and age (Table 5.5, Figure 5.9). These 
analyses show that non-SFed birds breed later in dry and normal springs, but respond more 
strongly to increasing rainfall so that SFed and non-SFed birds breed at similar times in 
springs with high rainfall. The latest breeders are non-SFed pairs with a female in the 
younger age group during drought years. The analyses also indicate that SF has a more 
marked effect on FED in the younger age group during drought and normal conditions than in 
the older age group. 
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Comparison of mean FED in SFed and non-SFed pairs shows that they breed at similar times 
in early years, and that delays are greater for non-SFed pairs in later years (Figure 5.10). SFed 
pairs show a delay of 0.556 ± 0.096 days per 1 day of delay in non-SFed pairs (t = 5.807, P = 
0.0004, N = 10 years), indicating a significant difference compared to a 1:1 relationship. This 
demonstrates that SF use buffers the effects of environmental variability. When controlling 
for year, SF use advances FED by 7.718 ± 2.165 days (t = -3.565, P = 0.0005, N = 568 clutches). 
Quantile regression shows that median FED is advanced by 8.016 ± 3.011 days in pairs taking 
SF when controlling for year (P = 0.011, N = 568 clutches). 
 
 
 
 
 
 
Figure 5.6. Annual overall mean (± SE) (blue data points and line) and median (red data 
points and line) first egg-laying date (FED, days from 1 August) in first clutches laid by 
echo parakeets. N = 17 years in period 1996/1997-2013/2014, 732 clutches in total; 11-96 
clutches per year. 
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Figure 5.7. Effect of July-September rainfall (JAS rainfall, mm) on first egg-laying date (FED, 
days from 1 August) (with 95% confidence intervals) in echo parakeet breeding attempts, 
extracted from a model including PBFD outbreak phase × supplementary food use, 
elevation, subpopulation and nest type, with female identity and year as random effects. N 
= 658 first clutches, 1997/1998-2013/2014. 
 
 
 
Figure 5.8. Interannual trends in July-September rainfall (mm) at Petrin (green data points 
and lines, N = 27 years) and Vacoas (purple data points and lines, N = 50 years). Trend lines 
fitted using least squares regression. 
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Figure 5.9. Effect of an interaction between supplementary food use (SFed, Non-Sfed), JAS 
rainfall and female age on first egg-laying date (FED, days from 1 August), extracted from a 
model including PBFD outbreak phase × SF use, elevation, subpopulation and nest type, 
with female identity and year as random effects. N = 568 first clutches (2004/2005-
2013/2014). Error bars show 95% confidence intervals. 
 
 
Figure 5.10. Mean first egg-laying date (FED, days from 1 August) of supplementary fed 
(Sfed) pairs compared to non-Sfed pairs. N = 568 first clutches (5-67 clutches per group by 
year) (2004/2005-2013/2014). Error bars show standard error.  
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Table 5.5. Effects of interactions between supplementary food use (SF), female age (Age), and 
July-September rainfall (Rain) on first egg-laying date (days from 1 August) in echo parakeet 
breeding attempts. The base model includes PBFD outbreak phase × SF use, elevation, 
subpopulation, nest type and age. All models include female identity and year as random 
effects. N = 568 first clutches (2004/2005-2013/2014). DF = degrees of freedom; ln(L) = log-
likelihood. 
Model DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base + 
Rain × SF 
× Age 22 -2236.648 4519.153 0.000 1.000  0.173 0.525  
Base + 
Rain × SF 17 -2250.493 4536.098 16.945 0.000  0.174 0.526  
Base + 
Rain × 
Age 17 -2252.444 4540.001 20.848 0.000  0.169 0.522  
Base + 
Rain 15 -2256.905 4544.680 25.527 0.000  0.171 0.521  
Base + 
Age × SF 14 -2262.937 4554.634 35.481 0.000  0.055 0.519  
Base 13 -2265.628 4557.913 38.760 0.000  0.055 0.524  
Null 4 -2294.845 4597.762 78.609 0.000  0.000 0.487  
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5.4.3 Effects of timing and management on exposure to climate risks 
The timing of the first cyclone of the season shows a positive correlation with JAS rainfall 
over the period 1996/1997-2013/2014 (Kendall’s tau = 0.407, P = 0.047, N = 14 years), with 
cyclones tending to occur earlier as rainfall decreases (Figure 5.11); however, this pattern is 
not significant over the entire period with data available (1988/1989-2014/2015, Kendall’s 
tau = 0.240, P = 0.164, N = 19 years). There is a non-significant negative correlation between 
annual median FED and JAS rainfall (Kendall’s tau = -0.332, P = 0.077, N = 16 years, Figure 
5.11), thus there could be a narrowing of the time window between median FED and the first 
cyclone as JAS rainfall decreases. Analysis of this time window in relation to JAS rainfall 
shows that the window is positively correlated with rainfall (Kendall’s tau = 0.451, P = 0.026, 
N = 14 years), thus drier conditions in JAS are associated with narrower time windows 
(Figure 5.12). The timing of fledging (expected fledging day, EFD) relative to the first cyclone 
is altered by the use of SF, as an interaction with female age and JAS rainfall (Table 5.6, Figure 
5.13). When controlling for year, SF use reduces the amount of overlap with the first cyclone 
by 8.150 ± 2.277 days (t = -3.580, P = 0.0005, N = 450 clutches). Quantile regression shows 
that median overlap is reduced by 11.004 ± 3.403 days in pairs taking SF when controlling for 
year (P = 0.002, N = 450 clutches), implying that the peak in EFD is generally shifted further 
forwards than the mean. 
 
 
 
Figure 5.11. Timing (days from 1 August) of overall median first egg-laying date (FED: blue, 
N = 16 years) and first cyclone of the season (red, N = 14 years) plotted by JAS rainfall 
(mm). 
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Figure 5.12. Time window (days) between overall median FED and first cyclone day 
plotted against JAS rainfall (mm). N =14 years. 
 
 
Figure 5.13. Effect of interaction of supplementary food use (SFed, Non-SFed), female age 
and JAS rainfall on the overlap of nesting attempts with the first cyclone of the season 
(expected fledging day (EFD) relative to the first cyclone day), extracted from a model 
including outbreak phase × SF, subpopulation, elevation, nest type and first cyclone day, 
with female identity and year as random effects. N = 450 clutches (2004/2005-
2013/2014). Error bars show 95% confidence intervals. 
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Table 5.6. Effects of interactions between supplementary food use (SF), female age (Age), and 
July-September rainfall (Rain) on temporal overlap (days) with the first cyclone of the season 
in echo parakeet breeding attempts (expected fledging day relative to the first cyclone day). 
The base model includes outbreak phase × SF, subpopulation, elevation, nest type and first 
cyclone day. All models include female identity and year as random effects. N = 450 first 
clutches (2004/2005-2013/2014). DF = degrees of freedom; ln(L) = log-likelihood. 
Model DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-
R2 
Conditional 
Pseudo-R2  
SF × Age 
× Rain 15 -1794.726 3620.559 0.000 1.000  0.139 0.898  
SF × Rain 9 -1809.867 3638.143 17.584 0.000  0.136 0.899  
SF + Age 
+ Rain 8 -1813.998 3644.322 23.763 0.000  0.134 0.899  
SF + Rain 7 -1815.751 3645.755 25.196 0.000  0.135 0.899  
Rain × 
Age 9 -1817.557 3653.523 32.964 0.000  0.128 0.899  
SF × Age 7 -1820.926 3656.105 35.546 0.000  0.012 0.876  
SF + Age 6 -1823.061 3658.311 37.752 0.000  0.011 0.876  
Rain + 
Age 7 -1822.205 3658.664 38.105 0.000  0.126 0.899  
Rain 6 -1823.604 3659.397 38.838 0.000  0.127 0.899  
SF 5 -1824.808 3659.751 39.192 0.000  0.010 0.875  
Age 5 -1831.286 3672.707 52.148 0.000  0.000 0.877  
Null 4 -1832.682 3673.453 52.894 0.000  0.000 0.876  
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5.5 Discussion 
Taken together, these results demonstrate that SF can be used to buffer the effects of 
interannual climate variability and climate risks on a threatened tropical bird population. 
Interannual variability in late winter-early spring rainfall and the timing of summer tropical 
cyclones results in year-to-year variation in a window of favourable conditions for breeding 
by echo parakeets. Late winter-early spring rainfall is likely to affect the availability of natural 
food sources, such as fruit, flowers and other plant material. For example, the intensity and 
species richness of fruiting in tropical forest in Madagascar are positively correlated with 
rainfall, particularly in the dry season (Dunham et al., 2018). Phenological responses by echo 
parakeets are effectively maladaptive, as delayed breeding occurs in drier late winter-early 
spring conditions, after which cyclones also tend to be early. The correlation between late 
winter-early spring rainfall and the timing of cyclones is perhaps due to a link with synoptic 
scale weather patterns. Previous research has shown that spring (JAS, SON) synoptic-scale 
conditions can be used to predict the number of summer (DJFM) cyclone days near Mauritius 
(Jury et al., 1999). Early cyclones present a risk to the realisation of high breeding success in 
older females. SFed pairs breed earlier than non-SFed pairs, especially in drier springs. The 
provision of SF therefore re-schedules breeding in a species at risk of climate impacts 
associated with timing. It should be noted that a limitation of this study is the availability of 
only nine years of comprehensive data on breeding success. 
 
It is well established that SF provision influences the breeding phenology and demography of 
birds, with strong evidence that timing is advanced by the use of SF (reviewed by Robb et al., 
2008; Ruffino et al., 2014). This probably occurs because females have fewer constraints on 
the energetic demands of egg development (Robb et al., 2008). SF appears to be more 
influential on the phenology of bird species at lower latitudes (Schoech and Hahn, 2007; 
Dhondt, 2010; Ruffino et al., 2014), perhaps because of greater underlying plasticity in timing 
(Ruffino et al., 2014). The estimates of FED advancement in echo parakeets taking SF are in 
the mid-range of estimates (0-25 days) recorded for bird species from various latitudes 
(Dhondt, 2010). In a study on the hihi in New Zealand, it was shown that SF can buffer against 
the impacts of changes in rainfall on survival and recruitment, which probably occur through 
effects on natural food availability, such that local extirpation due to climate change would be 
delayed, but probably not prevented (Correia et al., 2015). It has been suggested that SF could 
be used to adjust the reproductive timing of temperate species that are at risk of trophic 
mismatch in a changing climate due to constraints on phenological adaptation (Smith and 
Smith, 2013). The scheduling of life-history events and the relative timing of extreme events 
is highly influential on demography and can affect the status of threatened species. For 
example, later re-scheduling of nesting by Chinese crested terns (Thalasseus bernsteini) is 
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caused by egg-harvesting, and this increases the exposure of broods to typhoons (Chen et al., 
2015). This is an example of adverse re-scheduling caused by human activities, and probably 
represents a synergistic effect with typhoon occurrence. The present study demonstrates the 
potential for SF to reduce the temporal overlap of nesting attempts with cyclones and thus 
reduce adverse timing relative to unfavourable abiotic conditions. 
 
This study also provides evidence that age modulates climate impacts in the echo parakeet, 
with the strongest effects of late winter-early spring rainfall variation and early cyclones 
apparently being felt by different age classes. Climate impacts in the echo parakeet system 
may therefore be viewed as operating on the age axis of inexperience in youth and 
senescence in later life. Experience may influence the impacts of food limitation in drier 
springs because less experienced birds have acquired less knowledge of where to forage for 
food in times of drought and food shortages. Knowledge of the immediate landscape and the 
location of various plant species that produce food in different conditions and seasons is 
expected to be gained with age. This would explain why the greatest delays in breeding occur 
in younger non-SFed birds during dry springs. Birds in the older age class show less delay in 
dry springs and less influence from SF use, perhaps because experience of where to forage 
makes them more resilient to food shortages associated with dry weather.  
 
The negative impacts of cyclones in older females may represent weather-mediated 
reproductive senescence. The majority of nests that overlapped with a tropical cyclone did so 
during the brood phase, thus the negative impact occurs during chick-rearing. This could 
occur through effects on energy budgets, foraging efficiency or behavioural responses. For 
example, foraging efficiency or frequency may be reduced in strong winds and heavy rain, or 
adult birds may prioritise their own wellbeing in such conditions relative to their investment 
in raising nestlings in favourable conditions. However, there is no evidence that clutch size 
shows the same senescence pattern, as females in the older age class lay larger clutches 
overall.  
 
Some breeding echo parakeets are over 15 years of age, and the species shows high adult 
survival (Gath, 2018), so senescence effects may not be expected from the age of 6 years. 
However, age-dependent reproductive success in some species, such as the Seychelles 
warbler (Acrocephallus sechellensis), peaks before birds have reached the mid-range of ages 
in breeding birds (Hammers et al., 2012). In blue-footed boobies (Sula nebouxii), nest defence 
peaks at around the mid-range of ages of breeding birds and then decreases later in life 
(Ortega et al., 2017), implying that behavioural responses or investment associated with 
breeding change before individuals reach old age. Although egg survival is negatively 
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impacted by cyclones in older echo parakeets, these females also lay larger clutches on 
average, thus their average fledgling production is only reduced to the level of younger birds. 
The occurrence of cyclones therefore negates the clutch size and experience advantage in 
older females, and a section of the population that is usually the most productive experiences 
a reduction in breeding success. This effect remains relatively small; however, it should be 
noted that the tropical cyclone events in the dataset used in this study did not cause severe 
conditions in Mauritius. The effects may be more pronounced when intense cyclones make 
landfall or pass in close proximity to Mauritius. The nonlinear decrease in egg survival with 
increasing temporal overlap with the first cyclone of the season implies that cyclones have a 
more negative impact on egg to fledging survival when they occur earlier in the nesting 
attempt, although the pattern may also result from exposure to additional cyclones and 
inclement weather soon after the first cyclone of the season. 
 
In Mauritius, the frequency of tropical cyclones is projected to increase and then decrease as 
warming continues (Muthige et al., 2018), with a projected increase in the number of very 
strong cyclones in the vicinity of the island (Bacmeister et al., 2018). More frequent El Niño 
events could increase the number of cyclones forming in more western regions of the tropical 
Indian Ocean and passing close to Mauritius (Ho et al., 2006). Rainfall is generally decreasing 
in Mauritius (Republic of Mauritius, 2010, 2016). Any trends towards stronger and earlier 
cyclones and continued decreases in rainfall are likely to have negative impacts on echo 
parakeet demography and will require adaptive management such as changing SF provision. 
This study demonstrates how altering resource availability can re-schedule the timing of life-
history events and change exposure to climate risks. Such management techniques are likely 
to be important for species that are already threatened and reliant upon management.  
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5.7 Appendix 
 
Table A5.1. Candidate base models for fledgling production in echo parakeet breeding attempts. All models include female identity and year as 
random effects. N = 533 clutches (2005/2006-2013/2014). DF = degrees of freedom; ln(L) = log-likelihood. 
Model DF ln(L) AICc ∆AICc AIC Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
FED + Age + SF × Outbreak 8 -796.939 1610.153 0.000 0.610 0.122 0.127 
FED + Age + SF + Outbreak 7 -799.410 1613.034 2.881 0.144 0.111 0.117 
FED + Age + SF 6 -800.808 1613.776 3.623 0.100 0.103 0.115 
FED + Age + SF + Nest 7 -800.450 1615.114 4.961 0.051 0.105 0.115 
FED + Age + SF + Subpop 7 -800.633 1615.480 5.327 0.042 0.104 0.116 
FED + Age + SF + Elevation 7 -800.807 1615.828 5.675 0.036 0.103 0.115 
FED × Subpop + Age + SF 8 -800.500 1617.275 7.122 0.017 0.105 0.116 
Null 3 -819.518 1645.082 34.929 0.000 0.000 0.078 
 
2
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Table A5.2. Analysis of climate impacts on fledgling production in echo parakeet breeding attempts. Only the base model and those more 
parsimonious are shown. Base model: FED + Age + SF × Outbreak. All models include female identity and year as random effects. N = 533 clutches 
(2005/2006-2013/2014). DF = degrees of freedom; ln(L) = log-likelihood.  
Model 
Standardised 
climate index 
coefficient DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base + Mean Tmax 0.160 9 -795.330 1609.005 0.000 0.098 0.128 0.133 
Base + Raindays -0.054 9 -795.711 1609.766 0.761 0.067 0.127 0.132 
Base - 8 -796.939 1610.153 1.148 0.055 0.122 0.127 
2
2
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Table A5.3. Candidate base models for egg survival in echo parakeet breeding attempts. All models include female identity and year as random 
effects. N = 533 clutches (2005/2006-2013/2014). DF = degrees of freedom; ln(L) = log-likelihood.  
Model DF ln(L) AICc ∆AICc AIC Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
FED + Age + SF × Outbreak 8 -667.565 1351.404 0.000 0.713 0.067 0.201 
FED × Subpop + Age + SF 8 -669.194 1354.662 3.258 0.140 0.064 0.204 
FED + Age + SF + Subpop 7 -671.068 1356.349 4.945 0.060 0.059 0.199 
FED + Age + SF 6 -672.721 1357.602 6.198 0.032 0.053 0.197 
FED + Age + SF + Outbreak 7 -672.022 1358.258 6.854 0.023 0.058 0.192 
FED + Age + SF + Elevation 7 -672.174 1358.562 7.158 0.020 0.055 0.197 
FED + Age + SF + Nest 7 -672.704 1359.622 8.218 0.012 0.053 0.196 
Null 3 -684.928 1375.902 24.498 0.000 0.000 0.188 
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Table A5.4. Analysis of impacts on egg survival in echo parakeet breeding attempts from incubation (Inc) and brood phase climate indices. Only the 
base model and those more parsimonious are shown. Base model: FED + Age + SF × Outbreak. All models include female identity and year as random 
effects. N = 533 clutches (2005/2006-2013/2014). DF = degrees of freedom; ln(L) = log-likelihood.  
Model 
Standardised 
climate index 
coefficient DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base + Brood Cyclone × Age - 10 -663.869 1348.158 0.000 0.099 0.077 0.217 
Base + Brood Mean Tmax 0.329 9 -665.588 1349.521 1.363 0.050 0.072 0.208 
Base + Brood Mean Tmax2 0.0193/0.175 10 -664.638 1349.697 1.539 0.046 0.076 0.214 
Base + Inc Raindays90 × Age - 10 -664.843 1350.108 1.950 0.037 0.075 0.212 
Base + Brood Cyclone × SF - 10 -664.874 1350.169 2.011 0.036 0.073 0.207 
Base + Brood Max Dry Spell × Age - 10 -664.963 1350.348 2.190 0.033 0.076 0.201 
Base + Brood Mean Tmax2 × SF - 12 -662.982 1350.564 2.406 0.030 0.079 0.216 
Base + Inc Max Rain Spell -0.125 9 -666.228 1350.800 2.642 0.027 0.071 0.204 
Base + Brood Mean Tmax2 × Age - 12 -663.106 1350.813 2.655 0.026 0.079 0.217 
Base + Brood Mean Tmax × SF - 10 -665.227 1350.875 2.717 0.026 0.074 0.209 
Base + Inc Max Dry Spell2 0.801/0.103 10 -665.240 1350.902 2.744 0.025 0.074 0.194 
Base + Inc Max Dry Spell2 × SF - 12 -663.307 1351.214 3.056 0.022 0.080 0.199 
Base + Brood Cyclone -0.360 9 -666.455 1351.254 3.096 0.021 0.071 0.205 
Base + Inc Mean Tmax2 × Age - 12 -663.354 1351.309 3.151 0.021 0.082 0.202 
Base - 8 -667.565 1351.404 3.246 0.020 0.067 0.201 
2
2
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Table A5.5. Candidate base models for clutch size in echo parakeet breeding attempts. All models include female identity and year as random effects. 
N = 533 clutches (2005/2006-2013/2014). DF = degrees of freedom; ln(L) = log-likelihood.  
Model DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
FED + Age + SF + Elevation 8 -440.208 896.692 0.000 0.610 0.144 0.380 
FED + Age + SF 7 -442.594 899.401 2.709 0.157 0.111 0.366 
FED + Age + SF + Subpop 8 -441.734 899.743 3.051 0.133 0.131 0.373 
FED × Subpop + Age + SF 9 -441.338 901.019 4.327 0.070 0.137 0.382 
FED + Age + SF + Outbreak 8 -444.028 904.330 7.638 0.013 0.112 0.368 
FED + Age + SF + Nest 8 -444.186 904.647 7.955 0.011 0.111 0.367 
FED + Age + SF × Outbreak 9 -443.938 906.221 9.529 0.005 0.114 0.368 
Null 4 -464.128 936.332 39.640 0.000 0.000 0.357 
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Table A5.6. Analysis of climate impacts on clutch size in echo parakeet breeding attempts. Only the base model and those within ∆AICc<7 are shown. 
Base model: FED + Age + SF + Elevation. All models include female identity and year as random effects. N = 533 clutches (2005/2006-2013/2014). 
DF = degrees of freedom; ln(L) = log-likelihood.  
Model 
Standardised 
climate index 
coefficient DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base - 8 -440.208 896.692 0.000 0.664 0.144 0.380 
Base + Tmax10 Days -0.043 9 -441.474 901.293 4.601 0.067 0.145 0.385 
Base + Mean Tmax 0.051 9 -441.584 901.513 4.821 0.060 0.144 0.383 
Base + Drought -0.017 9 -442.044 902.433 5.741 0.038 0.145 0.381 
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Table A5.7. Candidate base models for first egg-laying date (FED) in echo parakeet breeding attempts. All models include female identity and year as 
random effects. N = 658 clutches (1997/1998-2013/2014). DF = degrees of freedom; ln(L) = log-likelihood.  
Model DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
SF × Outbreak + Elevation + Subpop + Nest 14 -2655.945 5340.544 0.000 0.990 0.072 0.495 
SF × Outbreak 11 -2664.325 5351.059 10.515 0.005 0.058 0.491 
SF + Outbreak + Elevation + Subpop + Nest 11 -2664.451 5351.312 10.768 0.005 0.070 0.489 
Outbreak + Elevation + Subpop + Nest 10 -2669.388 5359.116 18.572 0.000 0.054 0.492 
SF + Outbreak 8 -2672.847 5361.916 21.372 0.000 0.056 0.485 
SF + Elevation + Subpop + Nest 8 -2676.209 5368.640 28.096 0.000 0.051 0.502 
Elevation + Subpop + Nest 7 -2680.610 5375.392 34.848 0.000 0.034 0.495 
Outbreak 7 -2681.960 5378.093 37.549 0.000 0.024 0.494 
SF 5 -2684.293 5378.677 38.133 0.000 0.034 0.491 
Null 4 -2692.384 5392.830 52.286 0.000 0.000 0.481 
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Table A5.8. Analysis of climate impacts (July-September indices) on first egg-laying date (FED) in echo parakeet breeding attempts. Base model: SF × 
Outbreak + Elevation + Subpop + Nest. All models include female identity and year as random effects. N = 658 clutches (1997/1998-2013/2014). DF 
= degrees of freedom; ln(L) = log-likelihood.  
Model 
Standardised climate 
index coefficient DF ln(L) AICc ∆AICc 
AIC 
Weight 
Marginal 
Pseudo-R2 
Conditional 
Pseudo-R2 
Base + Rainfall2 -5.519/2.362 16 -2650.482 5333.814 0.000 0.184 0.120 0.511 
Base + Raindays902 -3.943/2.049 16 -2650.484 5333.817 0.003 0.184 0.106 0.513 
Base + Rainfall902 -4.648/0.584 16 -2650.609 5334.068 0.254 0.162 0.112 0.508 
Base + Drought 9.321 15 -2652.100 5334.947 1.133 0.104 0.116 0.505 
Base + Raindays2 -3.136/1.336 16 -2651.433 5335.715 1.901 0.071 0.102 0.514 
Base + Mean Tmax2 1.565/2.509 16 -2651.494 5335.836 2.022 0.067 0.090 0.511 
Base + Rainfall90 -4.461 15 -2652.657 5336.062 2.248 0.060 0.112 0.496 
Base + Rainfall -4.295 15 -2652.799 5336.347 2.533 0.052 0.104 0.495 
Base + Raindays90 -3.900 15 -2653.010 5336.768 2.954 0.042 0.103 0.501 
Base + Raindays -3.067 15 -2653.361 5337.470 3.656 0.030 0.089 0.501 
Base + Mean Tmax 1.635 15 -2653.834 5338.415 4.601 0.018 0.074 0.504 
Base + Max Rain Spell -0.615 15 -2654.343 5339.433 5.619 0.011 0.071 0.504 
Base + Max Rain Spell2 0.584/-0.265 16 -2653.592 5340.033 6.219 0.008 0.070 0.516 
Base - 14 -2655.945 5340.544 6.730 0.006 0.072 0.495 
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Chapter 6 
General Discussion  
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6.1 Overview 
A premise of this thesis has been that climate change could increase risks to the conservation 
of species and to the continued recovery of those already threatened. As such, achievements 
in biodiversity conservation that have involved substantial investments could be put at risk. 
These ideas have been explored for species conservation in Mauritius, through the study of 
climate trends in areas of conservation importance and climate impacts on the breeding 
phenology and demography of two threatened bird populations. This study is conducted in 
the context of a paucity of long-term datasets on tropical species, and an important aim has 
been to contribute to the understanding of tropical species responses to climate change and 
climate variability. Such detailed datasets are needed in order to gain a detailed 
understanding of climate effects. 
 
The results of Chapter 3 show that even within a small island of <2,000 km2 the same changes 
in climate risks should not be assumed for all areas and populations of conservation concern. 
The analyses indicate that populations of globally threatened species that are separated by 
several kilometres are exposed to differing trends in the occurrence of climate risks 
associated with precipitation. Rainfall indices show increases in the Bambous Mountains 
since the 1960s, while droughts in the dry season appear to have become more likely on Ile 
aux Aigrettes since the 1950s. 
 
In Chapter 4, the analysis of climate impacts on Mauritius kestrel breeding phenology and 
breeding success provides evidence that this species is synchronising its timing of breeding 
with a seasonal climate window. The seasonal window is defined by warming temperatures 
in the late winter and early spring and by the onset of the summer rainy season. The 
population shows phenological plasticity and tracking of changes in the climate window, 
which occur as late winter-early spring temperatures increase and earlier onset of the rainy 
season occurs in some recent years. Mauritius kestrels are thus advancing their breeding 
phenology and synchronising their breeding activity with a window of favourable conditions, 
despite the genetic legacy of a severe population bottleneck. 
 
The results of Chapter 5 indicate that the breeding phenology of echo parakeets responds to 
interannual variability in late winter-early spring rainfall, and that earlier breeding tends to 
occur after wetter conditions. The use of supplementary food buffers the impact of 
interannual variability in environmental conditions, although the extent of the influence 
depends on age. Breeding success in older females is negatively impacted by tropical cyclones 
late in the breeding season. Further analysis shows that cyclones tend to occur earlier after 
drier conditions in late winter-early spring, showing that the time window of favourable 
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conditions narrows in some years. However, supplementary feeding re-schedules breeding 
and reduces the temporal overlap of breeding attempts with cyclones. 
 
6.2 Climate risks for species conservation 
The overarching themes of this study have included the identification of climate risks in 
ecological contexts, and the importance of the temporal and spatial distribution of climate 
risks. These aspects are fundamentally relevant to the demography and life history of species 
and thus the future conservation of their populations. 
 
6.2.1 True extremes and ecologically high impact weather 
The analysis of climate impacts on the Mauritius kestrel and echo parakeet in this study 
included indices for overall conditions and extreme events. To increase the sample of 
extreme events in statistical analyses, thresholds were used that capture both true extremes 
and ‘moderate extremes’ (Klein Tank et al., 2009; Alexander, 2016; Easterling et al., 2016), 
e.g. the 10% highest or lowest values. The results for the Mauritius kestrel indicate that total 
rainfall, rather than 90th percentile rainfall or raindays, is marginally the most parsimonious 
index for rainfall impacts on breeding success. This result illustrates the limitations of 
characterising extreme events in an ecological context by using percentile thresholds to 
define events based on rarity. An alternative approach could involve a form of sensitivity 
analysis to identify the threshold associated with the greatest effect. Given that total rainfall 
has most support in this analysis, it is therefore the case that the notional temporal overlap of 
nesting attempts with the onset of the rainy season is a powerful predictor of the outcome of 
breeding attempts. Similarly, tropical storms and cyclones impact breeding success in echo 
parakeets, although this is influenced by age. In both cases, there is a contribution to negative 
impacts from conditions that are not true extremes.  
 
An important limitation of the present study and many other studies into the ecological 
impacts of extremes, is that true extremes are, by definition, rare events, and there are 
usually few, if any, that are captured in the sample years of ecological datasets. Most long-
term ecological datasets and studies cover decadal time scales in which true extremes are 
usually very infrequent. In the present study, the rarity of true extremes places limitations on 
how reliably their impact can be analysed in isolation from moderate extremes. Despite these 
limitations, it is evident from the results of this study that phenology and demography in 
tropical species can be modulated by the occurrence and timing of events that do not always 
represent true extremes, such as tropical storms. In this study, extremes of rainfall and 
temperature have been defined based on ecological or climatological seasons, thus their 
timing can in effect define seasons and their transitions from an ecological perspective. The 
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timing of extreme events relative to the life cycle stages of an organism is an important aspect 
that influences impacts (reviewed by Bailey and van de Pol, 2016; Sergio et al., 2018). The 
results of the present study contribute to our understanding of the mechanisms and 
pressures that influence biological seasonality in the tropics.  
 
In a changing climate, the impacts of changes in true extremes may take longer to become 
apparent compared to changes in annually-occurring high impact events, which are perhaps 
more likely to impact phenology and demography over the shorter-term. These more 
frequent events could be a more influential source of selection pressures on life histories than 
true extremes. Climate change may start to exert a strong effect on populations and 
ecosystems over the coming decades as moderate extremes start to emerge from recent 
variability (Tan et al., 2018). Biodiversity conservation thus has a challenge to meet in the 
short-term future from changes in moderate extremes. 
 
The debate on how to define extreme events in ecological contexts will no doubt continue, but 
it may only be relevant to studies that utilise more than 50 years of ecological data. Such 
datasets are needed if extremes are to be defined based on extreme biological responses. 
However, impact-based definitions complicate the process of identifying such events, because 
the event itself and its impacts become conflated (McPhillips et al., 2018). The impact of an 
extreme event on a biological system is a product of the conditions experienced and the 
vulnerability of the system. Impact definitions of extremes therefore risk not separating the 
rarity and severity of the abiotic event from the underlying susceptibility of the impacted 
biotic system. Defining extremes in ecological studies using rarity thresholds that are 
relevant to societal impacts is arguably less meaningful ecologically, but more practical from 
the perspective of policy-makers. Conclusions on human and ecological impacts can be drawn 
from the same study or climate projection. This approach could facilitate the design of climate 
change adaptation measures that aim to benefit both human communities and natural 
systems. In the present study, established meteorological definitions of extremes or high 
impact weather were used, and these allow analyses to be carried out to establish which 
climate aspects and thresholds are relevant to ecological impacts in a given species or 
ecosystem.  
 
The ecological impacts of extremes and moderate extremes in weather conditions are 
evidently idiosyncratic, and it is difficult to generalise about impacts across species and 
ecosystems (van de Pol et al., 2017; Greenville et al., 2018; Harris et al., 2018). This increases 
the urgency and need for detailed studies on a variety of species from different ecoregions. 
Some generalities should be justifiable between closely related species, and these could be 
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applied using trait-based approaches (Foden et al., 2013; Urban et al., 2016). Detailed data on 
the biological mechanisms through which climate affects species are vital, as predictive 
models that ignore such mechanisms often become unreliable when extrapolating to 
projections of novel climates (reviewed by Urban et al., 2016). 
 
6.2.2 Local-scale trends in climate risks 
This study has demonstrated the potential importance of local-scale variation in long-term 
climate trends, especially related to precipitation and extreme precipitation. Previous 
research has shown that variation in the local response of extremes to climate change is 
driven by climate processes at fine spatial scales (Diffenbaugh et al., 2005). This variation is 
expected to be particularly important for very restricted-range species, whose population-
level exposure to future climate risks will be most reliably inferred by studying local climate 
trends. Restricted-range species have been defined as those occupying a global (resident or 
breeding) range or extent of occurrence (EOO) of less than 50,000 km2 (Stattersfield et al., 
1998; Eken et al., 2004). Local-scale variation in climate trends will be less important at the 
population level towards this upper range limit, but is expected to be very influential on 
climate change vulnerability in species occupying much smaller areas. This is arguably most 
relevant to species endemic to topographically varied islands and mountain ranges.  
 
Such spatial variation has implications for the future exposure of populations and sites of 
conservation importance to climate risks; however, this appears to have been frequently 
overlooked in previous research. Kittel et al. (2015) noted the ecological relevance of local 
variation in precipitation trends for montane plants in particular. Mountain ranges also show 
spatial variation in long-term temperature trends and these, combined with precipitation 
trends, influence the elevational ranges of birds (Tingley et al., 2012). Attention has been 
drawn to the inadequacy for ecological research of climate projections that have coarse 
spatial and temporal resolutions (Nadeau et al., 2017). Likewise, the importance of variation 
in microclimates has received much attention, including ambient temperatures within and 
outside forest (Senior et al., 2017), as well as the potential for fine-scale temperature metrics 
to improve species distribution models (Frey et al., 2016). Maclean et al. (2017) studied 
temperature trends at fine scales and identified some sources of variation. However, less 
focus has been given to local-scale trends in climate risks and their influence on climate 
change vulnerability. Urban et al. (2016) point out that researchers should evaluate 
environmental influences from the point of view of their study species. The relevant spatial 
resolution may be far more fine-scaled than the resolution at which predictions are currently 
made, with a scale of mm to ha usually being more appropriate (Urban et al., 2016; Senior et 
al., 2017). 
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Based on the results of the present study, it is recommended that future climate change 
vulnerability assessments for restricted-range species, especially in mountainous regions and 
topographically complex islands, incorporate analyses of local-scale trends in climate risks. 
However, it should be noted that the application of past trends in climate risks to species 
vulnerability assessments has some limitations, most notably that climate projections, 
particularly for precipitation, are not necessarily monotonic (Hawkins et al., 2014b). 
Projections for some tropical regions show a change in the direction of precipitation trends, 
with an increase followed by a decrease, owing to the projected movements of the Inter-
Tropical Convergence Zone (Hawkins et al., 2014b). This could mean that in some areas past 
trends will not be indicative of future trends in climate risks. However, recent trends in local 
climate risks should be indicative of the immediate and short-term future pressures being 
experienced by a population. 
 
Threatened species in Mauritius occupy very restricted ranges and this increases the 
relevance of local climate trends to management actions. The findings of the present study 
imply that different management actions will be needed for species of conservation concern 
present in the Bambous Mountains, BRGNP, and on IAA. Strategies to alleviate drought 
impacts on IAA could involve increased availability of fresh water, artificial nectar and fruit. 
In comparison, management in the Bambous Mountains may need to alleviate the impacts of 
increasing rainfall and more frequent rainfall extremes. For Mauritius kestrels, this might 
involve the re-design of artificial nest-boxes to increase resistance to heavy rain or 
responsive supplementary feeding during seasons with frequent and heavy raindays. 
Decreasing rainfall in the central uplands implies that the provision of supplementary food 
will become increasingly important for the conservation of the echo parakeet. The local-scale 
variation in climate trends shown in this study also implies that ecosystem-based adaptation 
should be implemented and adapted at the local scale for the benefit of human communities 
and natural systems. 
 
6.2.3 Using management to reduce climate risks 
The approach of adaptive conservation management in a changing climate has gained 
prominence in recent decades (Heller and Zavaleta, 2009; Stein et al., 2013). The adaptation 
of management represents an ongoing process of change and modification based on the 
reassessment of needs. Adaptive management can be seen as addressing one or more of the 
components of climate change vulnerability, that is, exposure, sensitivity and adaptive 
capacity (Stein et al., 2013). It is difficult to generalise about climate impacts on species 
(Urban et al., 2016); however, case studies on species for which long-term detailed data exist 
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provide insights and guidelines from which some generalities can be drawn, perhaps based 
on taxonomy or traits (Urban et al., 2016). The results for the echo parakeet provide such a 
case study that may prompt future research or management trials in other species. 
 
The re-scheduling of phenology through altered resource availability represents a 
management strategy that can be readily adapted to changing conditions. The results for the 
echo parakeet show that supplementary feeding can buffer the effects of environmental 
variability and re-schedule breeding in species at risk from changes in high impact events. 
However, the extent to which breeding can be re-scheduled by such intervention may place 
substantial limits on its potential use as climate change continues. Indeed, such management 
interventions will require the estimation of their capacity and therefore the limits to what 
they can achieve. While there is no strong evidence of a systematic trend in climate risks for 
the echo parakeet, any trend that emerges in the future, or any increase in interannual 
variability, could have negative impacts. It has been muted that supplementary food could be 
used to effectively re-schedule species that are at risk of trophic mismatch in a changing 
climate (Smith and Smith, 2013). This idea would be most relevant to temperate species; 
however, the present study has provided an example of re-scheduling in a tropical species at 
risk of adverse timing relative to abiotic conditions. While common and widespread species 
will be in less need of intervention to re-schedule maladaptive or constrained phenology, rare 
and restricted-range species are at higher risk from negative demographic effects and a 
worsening in status. 
 
The echo parakeet may already show some adaptations to the impacts of climate variability. 
Older females, which show reduced breeding success when their nesting attempts coincide 
with a cyclone, lay larger clutches, thus reducing the impact of reduced egg survival on their 
overall breeding fitness. Younger females are at increased risk of delayed breeding in dry 
springs, but there is no evidence of negative impacts from cyclones in these birds. The danger 
is that climate variability increases beyond the range that the species is adapted to. An 
increasing frequency of breeding seasons that are preceded by drought conditions in late 
winter-early spring and in which cyclones occur in December could result in demographic 
changes at the population level. Without the existing provision of supplementary food, which 
is used by the majority of birds, the population or sections of the population might show 
substantial interannual fluctuations in phenology and breeding success. The underlying 
vulnerability of the echo parakeet to interannual climate variability may be influenced by the 
destruction and degradation of its habitat, although data are not available to test this. It is 
possible that supplementary food is buffering a vulnerable population against interannual 
climate variability in the context of a shortage of food resources in most years. 
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Supplementary food may be having effects in multiple ways, by both buffering against 
environmental variability and improving the nutrition of adult birds and nestlings. 
 
6.3 Tropical animal phenology 
Phenology is a profoundly important aspect of life-history strategies (Miller-Rushing et al., 
2010); however, our understanding of climate influences on phenology is very poor for 
animal species in the tropics (Charmantier and Gienapp, 2013; Pearce-Higgins and Green, 
2014; Cohen et al., 2018; Post et al., 2018). The results of this thesis shed light on the 
phenological responses of tropical birds to a changing climate. 
 
6.3.1 Seasonal climate windows 
It has long been assumed that animal phenology in tropical regions is most influenced by 
precipitation, as opposed to temperature and other aspects of the climate, and recent meta-
analyses have supported this view (Pearce-Higgins and Green, 2014; Cohen et al., 2018). 
Evidence from phenological data supports the general expectation that endotherms are less 
sensitive to abiotic conditions (Cohen et al., 2018), and this may be assumed to be 
particularly true at tropical latitudes, where temperature variability is relatively limited 
(Pearce-Higgins and Green, 2014). Previous research on the phenology of the Mauritius 
kestrel tested the impacts of precipitation, but not temperature, although there was no 
directional trend evident in the timing of egg-laying in the earlier dataset (Senapathi, 2009; 
Senapathi et al., 2011). The results of the present study, utilising an extended dataset for the 
Mauritius kestrel, imply that the importance of temperature as a phenological cue has been 
underestimated for this species and probably for other tropical endotherms. If relatively 
small variations in tropical photoperiod can influence phenology it is plausible that 
temperature is also a very influential cue for many tropical animals. Its influence on 
endotherms may be particularly apparent when those species rely on the activity levels and 
abundance of ectotherms, which are likely to be more responsive to changes in temperature 
(Deutsch et al., 2008). However, it should also be noted that Mauritius is in the higher 
latitudes of the tropics, and the patterns observed in this study may be less relevant in areas 
closer to the equator. 
 
Systematic shifts and interannual variability in seasonal climate windows may be common 
mechanisms through which tropical species adapt their phenology. The results for the 
Mauritius kestrel suggest that it is successfully adapting its phenology to shifts and variability 
in a window of favourable climate conditions. Selection pressures on the timing of breeding 
may be acting at both ends of the seasonal window. The coincidence of the breeding season 
with warming temperatures, rather than the start of the dry season, implies that temperature 
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influences selection on timing, perhaps through prey availability. Burgess et al. (2011) 
suspected that the breeding season is influenced by prey density. The timing of breeding in 
Mauritius kestrels could in part be a legacy of the species’ lineage, and temperature may have 
been retained as a phenological cue from earlier in the species’ evolution before its 
colonisation of Mauritius around 1.9-2.6 MYA (Groombridge et al., 2002). However, the 
species’ seasonality appears to represent a compromise between adjustments to 
contemporary patterns in seasonal temperature and rainfall. Both of these factors could 
affect prey availability, but the timing of breeding relative to the rainy season is probably 
related to its implications for hunting conditions and chick survival. The Mauritius kestrel, 
like many threatened island species, has suffered reductions in its population and genetic 
diversity (Groombridge et al., 2000; Ewing et al., 2008). Such impacts might be expected to 
limit the species’ ability to adapt to shifts in climate if there were an influence of genetic 
diversity on plasticity. However, the results of the present study imply that the species is able 
to adjust its phenology to changes in temperature. Small populations, including those that 
have experienced population and genetic bottlenecks, may therefore retain some adaptive 
potential for responding to climate change. 
 
The echo parakeet also appears to breed within a seasonal window of favourable conditions, 
defined by late winter-early spring rainfall and the timing of summer cyclones, although this 
window shows interannual variability rather than directional change. A recognition that 
changing seasonal windows may be a common mechanism in the phenology and demography 
of tropical animals may help the development of strategies to safeguard threatened species in 
a changing climate. These insights are very important given the projected emergence of novel 
climates in tropical regions this century (Williams et al., 2007; Mora et al., 2013; Hawkins et 
al., 2014a). Projected warming in Mauritius could exceed the adaptive limits of the Mauritius 
kestrel in the coming decades. For now, it appears that phenological shifts by Mauritius 
kestrels represent a vital mode of adaptation to climate change in this species. This is 
important because phenological shifts can mitigate the need for range shifts (Socolar et al., 
2017), and the scope for range shifts in this species is very limited. These changes in 
phenology may ‘buy time’ before adaptive limits are exceeded and new management 
interventions are required. Such insights are very relevant to seasonally breeding tropical 
species, although many tropical species do not exhibit strong seasonality. 
 
6.3.2 Changes in tropical seasons 
Further improvements are needed in our understanding of the mechanisms that influence 
seasonality in tropical species, as these will ultimately assist the projection of future impacts 
from climate change. Species in the tropics are typically adapted to a relatively narrow range 
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of temperature conditions, thus tropical species may be among the most vulnerable to 
climate change (Deutsch et al., 2008; Bonebrake and Mastrandrea, 2010). The tropics 
harbour vast amounts of biodiversity (Barlow et al., 2018), and tropical regions are projected 
to be among the first to emerge from recent climate variability into relatively novel climate 
regimes (Williams et al., 2007; Mora et al., 2013; Hawkins et al., 2014a; Dahinden et al., 2017; 
Mahony and Cannon, 2018). Indeed, for many parts of the tropics there are currently no 
climate analogues anywhere with seasonal cycles of temperature and precipitation matching 
projected future conditions (Dahinden et al., 2017), implying that these future climates will 
be novel relative to all current climate regimes. Furthermore, the local warming signal is 
projected to emerge from interannual variability in many tropical countries by the 2030s 
(Mahlstein et al., 2011).  
 
Trends in rainfall seasonality in the tropics show regional variation (Feng et al., 2013). 
Precipitation patterns in the tropics are projected to change substantially during this century, 
although there is inconsistency among model projections (Kent et al., 2015; Chadwick et al., 
2016). Such changes are expected to have strong ecological effects in the tropics (Şekercioğlu 
et al., 2012; Bonebrake, 2013), and are likely to affect phenology and alter the impacts of 
seasonal precipitation transitions on fitness and population dynamics. The present study 
incorporated recently-developed methods for identifying the onset and cessation of rainy 
seasons (Liebmann et al., 2012; Dunning et al., 2016). These methods have the potential for 
wide use in ecological studies at various spatial scales. The development of more objective 
methods to define seasons will continue to be important for impact studies relevant to human 
society and natural systems. 
 
6.4 Climate change and conservation in Mauritius 
The results of this study have the potential to help conservation managers in Mauritius 
safeguard the vertebrate biodiversity gains made in recent decades (Rodrigues et al., 2014). 
Understanding of local-scale variation in climate trends is likely to be important for assessing 
the climate change vulnerability of protected areas and other important conservation sites. 
Management actions at the site level could be tailored to local-scale variation in past climate 
trends and future projections. Spatial variation in climate trends may also influence future 
reintroduction and population reinforcement strategies. Although Mauritius kestrels in the 
Bambous Mountains appear to be tracking a window of favourable conditions, rainfall is 
increasing in all seasons in this area. Future strategies for the Mauritius kestrel could 
therefore focus on increasing the population in the southwest of the island, where rainfall 
appears to be decreasing, as well as reintroduction of the species to other areas in which 
rainfall is not increasing. In the Bambous Mountains population, delays in egg-laying due to 
 241 
 
poor nest-site quality or competition with other species could be minimised by pre-season 
checks and maintenance of nest-boxes (M. A. C. Nicoll pers. comm.). This could alleviate 
potential constraints on phenological plasticity in kestrels. Ongoing efforts to establish a 
population of echo parakeets in the Bambous Mountains may be particularly beneficial, given 
the species’ responses to dry season rainfall. The echo parakeet appears to show low 
vulnerability to climate impacts in current conditions, although future changes, such as 
decreasing rainfall and a shift towards earlier-occurring, stronger and more frequent 
cyclones, could alter this. 
 
Projections for Mauritius suggest that mean annual temperatures will increase by 1.0-2.0°C 
by the 2060s and by 1.1-3.4°C by the 2090s (McSweeney et al., 2010a, b). Projections for 
mean annual rainfall from different models vary widely, ranging from negative to positive 
changes over the 21st century, with more consistent projections for decreases in July-
September (McSweeney et al., 2010a, b). Projections also suggest that tropical cyclone 
frequency will initially increase with warming and then decrease (Muthige et al., 2018). While 
global tropical cyclone frequency is projected to decline overall, the number of very strong 
cyclones is projected to increase (reviewed by Walsh et al., 2016), and this is evident for 
projected changes in the vicinity of the Mascarene archipelago and Madagascar (Bacmeister 
et al., 2018).  More frequent El Niño-Southern Oscillation (ENSO) events could result in 
cyclones occurring more frequently in the vicinity of Mauritius (Ho et al., 2006). Variability in 
rainfall will likely be influenced by Indian Ocean Dipole (IOD) events under projected climate 
change (Cai et al., 2014). The frequency of extreme positive IOD events, which can lead to 
extreme rainfall over countries in eastern Africa, is projected to increase as the climate 
warms, with a doubling in frequency at 1.5°C warming relative to pre-industrial levels (Cai et 
al., 2018). Global climate model projections imply that annual precipitation will decrease in 
the Mascarene region, with indications of some seasonal variation in trends (IPCC, 2007, 
2014). Given uncertainties in projections of tropical precipitation changes and the challenges 
of downscaling projections to topographically varied oceanic islands (Zhang et al., 2016), 
conservation managers may need to rely on analyses of recent climate trends and variability, 
combined with responsive strategies, to inform management. However, methods are being 
developed to improve the downscaling of projections to oceanic islands, as applied to the 
Hawaiian islands (Zhang et al., 2016). 
 
6.5 General limitations 
In general, this study is limited by the availability of multiple long-term climate datasets in 
Mauritius. The availability of relatively long-term climate data from additional sites could 
have improved the robustness of analyses of impacts on the study species and could have 
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provided more insights into local-scale variation in climate trends. A potential limitation of 
the analyses of breeding success is that the effects of density dependence may be 
incompletely understood in the study species, and this may place limitations on the results of 
analyses into climate impacts. However, the analyses in this study were based on previous 
research, and there is little evidence of negative density dependence through interference 
competition in the breeding success of the two species. In addition, the lack of data on prey 
availability for Mauritius kestrels and natural food availability for echo parakeets means that 
there is no direct evidence of the mechanisms by which temperature and rainfall influence 
the timing of breeding in the two species.  
 
The relevance of the findings of this study to other species might be limited by the 
management that the focal populations receive. The data used for the Mauritius kestrel 
analyses were collected after the cessation of intensive management of the population. 
During the study period the extent of management received by the population only entailed 
the provision and maintenance of artificial nest-boxes. The findings for the Mauritius kestrel 
are therefore likely to be applicable to a range of tropical species that do not receive 
management. In contrast, echo parakeets have received more intensive management, 
including the provision of supplementary food, provision and maintenance of nest-boxes and 
control of predators. However, in this study the use of supplementary food by individual 
breeding pairs is not only controlled-for but studied for potential interactions with climate. 
The findings of this study for the echo parakeet are therefore most relevant to other managed 
populations, especially those receiving supplementary food. Some of the results for the echo 
parakeets are likely to be relevant to unmanaged populations as well, namely the apparent 
mediation of reproductive senescence by extreme weather, as well as the effects of climate on 
the timing of breeding and hence temporal exposure to extreme weather events.  
 
6.6 Avenues for future research 
This thesis has prompted many questions that could be pursued in future research. The 
present study could be taken forward through the collection and analysis of data on temporal 
patterns in food availability for the two study species, and how these relate to climate, and by 
studying the mechanisms behind climate impacts on breeding success. Plant phenology data 
being collected in Mauritius could be used to study the influence of fruit and flower timing 
and abundance on breeding phenology in echo parakeets, as well as the breeding success of 
those pairs not taking supplementary food. Research into climate influences on plant 
phenology would likely provide further insights into climate pressures on echo parakeets. 
Data could also be collected on gecko abundance and activity patterns to investigate 
influences on the timing and success of kestrel breeding attempts. Detailed behavioural 
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observations could provide insights into the mechanisms through which rainfall and tropical 
cyclones negatively impact breeding success in Mauritius kestrels and echo parakeets 
respectively. Further research could also investigate the potential for delayed impacts from 
extreme natal conditions on future survival and reproduction, such has been applied to the 
impacts of agriculture on Mauritius kestrels (Cartwright et al., 2014).  
 
Previous research has suggested that there is very fine-scale variation in rainfall on Mauritius 
(Staub et al., 2014), and a detailed model of spatial rainfall distribution could be applied to 
future studies into climate impacts.  Projections of future demographic and population 
changes in the Mauritius kestrel and echo parakeet may be possible in the coming years using 
bias-corrected and downscaled climate projections as methods improve. This will also be 
important for other populations, including those being reintroduced to the Bambous 
Mountains. Additional research is needed into climate impacts on the demography and 
phenology of populations on IAA, and these are likely to be important lines of inquiry for the 
management of populations on the islet. 
 
More broadly, further research is needed to identify which species are most influenced by 
seasonal climate windows in tropical regions. Seasonal windows may be most prevalent 
towards the subtropics, as annual temperature cycles become more pronounced, or in 
regions with pronounced rainy and dry seasons. Seasonal windows may be defined largely by 
high impact weather and its selection pressures. As with previous research, this study has 
demonstrated the value of long-term detailed ecological datasets. Such datasets are 
uncommon, and especially rare in the tropics (Brawn et al., 2017), where our understanding 
of the ecological impacts of climate change has lagged behind that for temperate regions. The 
analyses and insights made possible by the long-term and detailed datasets collected on the 
Mauritius kestrel and echo parakeet illustrate the value of such monitoring programmes. 
There remains an urgent need for additional monitoring schemes on tropical species. 
 
6.7 Conclusions 
This thesis has uncovered new insights into the phenological response of tropical birds to 
climate change, and looked at the role of high impact weather in shaping demography and 
phenology. The findings from this study provide grounds for hope that some threatened 
species will be able to adapt to a changing climate, at least temporarily. It also provides some 
optimism for the use of management actions to alleviate risks from climate change. This 
study has shown that threatened species can demonstrate both adaptation and 
maladaptation to climate trends and variability, thus in the short-term climate change could 
cause both increases in costs and savings for conservation managers as the fortunes of 
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populations fluctuate. Threatened species conservation under climate change may need to be 
responsive over short timescales, especially for species at risk from interannual climate 
variability. 
 
The broad implications for other tropical species are that temperature may be a more 
important influence on the timing of life-history events in endotherms than previously 
assumed, that the timing of breeding represents an important way that tropical species 
respond to interannual variation in climate and thus food availability, and that the 
relationship between the timing of life-history events and the timing of seasonal transitions 
and extreme weather is an important influence on the demography of tropical species. 
 
The importance of the temporal and spatial distribution of climate risks has been illustrated 
for two tropical species. In particular, an understanding of such dynamics and ecological 
impacts is needed for species occupying small ranges and topographically varied areas. Such 
developments in understanding will improve approaches to climate change vulnerability 
assessments and the adaptive management of threatened species. As climate models continue 
to improve, more accurate downscaling will result in more reliable projections of local 
climate trends. This will be essential for safeguarding some of the rarest and most range-
restricted species. 
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